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The  current  work  confirms  the  incongruent  dissolution  associated  with  the  aqueous 
processing  of  submicron  BaTi03  in  multilayer  capacitor  (MLC)  production,  and  offers  a 
potential  solution,  via  the  use  of  an  organic  molecule  to  passivate  the  BaTi03  surface.  It 
has  been  shown  that  oxalate  ion  additions  generate  a  nanometer  thick  surface  passivation 
layer  of  BaC204nH20  at  the  surfaces  of  BaTi03  particles  in  water.  The  oxalate-treated 
aqueous  BaTi03  suspensions  exhibit  a  relatively  uniform,  negative  surface  charge  over 
most  of  the  pH  range  when  a  sufficient  oxalate  concentration  is  present  relative  to  the  total 
BaTi03  surface  area  presented  to  the  solution. 

Sedimentation  studies  demonstrated  the  modest  surface  charge  imparted  by  the 
oxalate-treated  BaTi03  particles  was  inadequate  for  dispersion.  However,  the  addition  of 
polyethylene  imine  to  the  oxalate-treated  BaTi03  suspensions  provides  a  relatively  constant, 
positive  surface  charge,  and  thus  a  stable,  well  dispersed  suspension  necessary  for  the 
fabrication  of  MLCs.  The  oxalate:PEI  passivation: dispersion  scheme  is  successful  when 
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the  suspension  pH  is  above  pH  5  and  below  pH  10,  where  oxalic  acid  is  fully  dissociated 
and  present  as  C2024~  and  PEI  remains  positively  charged,  respectively.  In  addition,  these 
experiments  suggest  that  steric  hindrance,  in  combination  with  electrostatic  forces,  is 
responsible  for  the  colloidal  stability  of  the  oxalic  acid/PEI-treated  BaTi03  suspensions. 
For  higher  solids  loading  suspensions  similar  to  possible  MLC  slurry  formulations,  it  has 
been  shown  that  the  best  passivatiomdispersion  dosage  is  3:1  (i.e.,  3.0w/o  oxalic  acid  and 
1 .0w/o  PEI)  based  on  the  Theological  properties  and  the  microstructure  (particle  packing)  of 
the  green  "pseudo"  tape. 

Ceramic  slurries  incorporate  organic  binders  that  are  dissolved  and  dispersed  in  the 
solution  phase  (aqueous  or  nonaqueous)  to  provide  flexibility  and  mechanical  integrity  to 
the  dried  green  structure.  The  addition  of  a  50/50  blend  of  PVP  (1 0,000  MW  and 
40,000  MW)  proved  to  be  the  most  compatible  binder  system  from  the  various  binders 
analyzed  in  the  current  work.  The  50/50  blend  of  PVP  as  a  binder  allowed  657o  BaTi03 
solids  loading  with  permissible  tape  casting  rheological  properties  and  far  better  particle 
densities  in  contrast  to  conventional  tape  casting  formulations. 
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CHAPTER  1 
INTRODUCTION 


1.1.  Introduction 

Perovskite  materials  are  one  of  the  most  widely  utilized  ceramics  in  the  production 
of  electronic  devices.  The  unique  properties  inherent  to  the  perovskite  structure  are  a  result 
of  the  crystal  structure,  phase  transitions  as  a  function  of  temperature,  and  the  size  of  the 
ions  present  in  the  unit  cell.0'2'  Barium  titanate  (BaTi03),  in  particular,  because  of  a  high 
dielectric  constant,  is  used  in  the  multi-billion  dollar  multilayer  capacitor  (MLC)  and 
multilayer  actuator  industry.'3'  Although  the  majority  of  MLC  manufacturers  use  a  doped- 
BaTi03  composition  in  the  production  of  the  MLC,  the  major  or  base  constituent  is  BaTi03. 
Capacitor  applications  in  electronic  equipment  include  discharge  of  stored  energy,  blockage 
of  direct  current,  coupling  of  circuit  components,  by-passing  of  an  AC  signal,  frequency 
discrimination,  transient  voltage,  and  arc  suppression. <4) 

Demands  by  the  electronic  industries  for  capacitor  miniaturization  provide  the 
incentive  for  MLC  manufacturers  to  produce  smaller  capacitors  with  greater  volume 
capacitance.  In  an  effort  to  meet  the  demands  of  the  electronics  market,  MLC 
manufacturers  have  to  reduce  the  thickness  of  the  ceramic  layer  within  the  multilayer 
polycrystalline  ceramic  and  metal  composite.'5'  A  reduction  in  the  thickness  of  the  ceramic 
layers  can  be  accomplished  by  decreasing  the  particle  size.  A  decrease  in  the  particle  size 
one  order  of  magnitude  accommodates  much  larger  variations  in  the  particle  stacking  that 
determines  the  thickness  of  the  ceramic  layer.  In  doing  so,  the  importance  of  colloidal 
dispersion,  solution  chemistry,  and  the  significance  of  flaws  becomes  much  more  critical. 
Thus,  the  success  of  MLC  production  critically  relies  on  the  preparation  of  well  dispersed 
suspensions  or  slurries.'5"7'  Slurries  used  in  the  wet  forming  techniques  which  produce  the 

1 


2 


ceramic  layers  of  a  MLC  contain  ceramic  powder,  an  aqueous  or  nonaqueous  solvent,  an 
organic  binder,  and  other  organic  additives  such  as  plasticizers,  dispersants,  and  defoaming 
agents. (5) 

The  manufacturing  of  MLCs  been  well  documented.(5,8"12>  Most  commercial 
processing  schemes  to  produce  BaTi03  MLCs  utilize  nonaqueous  suspending  media  such 
as  methyl  ethyl  ketone  and/or  various  alcohols  to  provide  uniform  dispersion  of  the  slip.(7) 
With  growing  environmental  awareness  and  increasing  safety  standards  for  hazardous 
materials,  MLC  manufacturers  are  forced  to  develop  cheaper  yet  less  toxic  processing 
schemes  to  produce  ceramic  components  with  the  same  reliability  and  standards  of 
nonaqueous  processed  devices.  BaTi03  capacitors  are  difficult  to  produce  reliably  from 
aqueous  suspension  because  of  capricious  dispersion  and  rheology  of  the  slips.  The 
disadvantages  of  aqueous  processing  include  aggressive  chemical  attack  of  the  BaTi03 
particle  surface  by  the  aqueous  solution  and  phase  separation  of  the  polymer  additives  via 
association  with  the  dissolved  surface  species.03"20'  However,  the  major  advantages  of 
aqueous  processing  are  the  availability,  the  low  toxicity,  and  the  low  cost  of  water. 

Industry  has  relatively  ignored  the  solution  chemistry  that  is  taking  place  during 
aqueous  processing,  including  slurry  preparation  and  drying  of  the  BaTi03  green  tapes. 
The  main  purpose  of  the  current  work  is  to  improve  the  aqueous  processing  of  BaTi03 
tapes  for  MLC  production. 

1.2  Literature  Review 
Chapter  2  reviews  the  pertinent  literature  for  the  aqueous  processing  of  ceramics  in 
the  production  of  thin  layers  for  MLC  fabrication  with  an  emphasis  on  the  processing  steps 
that  are  affected  by  the  current  research.  In  an  aqueous  environment  a  large  concentration 
of  Ba2+(aq)  may  incongruently  dissolve  from  the  BaTi03  particle  surface  which  can  cross- 
link necessary  polymeric  additives  and  effect  the  sintering  of  the  ceramic.  Thermodynamic 
stability  diagrams  for  both  BaTi03  and  Ti02  in  water  are  reviewed  to  provide  an 
understanding  of  the  stability  problem  associated  with  the  aqueous  processing  of  BaTi03. 
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The  incongruent  dissolution  problem  associated  with  BaTi03  may  be  overcome  through  a 
better  understanding  of  the  well  documented  passivation  of  metals  and  glasses.  Therefore, 
the  passivation  of  metals  and  glasses  is  discussed  in  reference  to  minimizing  the  capricious 
dissolution  associated  with  aqueous  BaTi03  suspensions.  Considering  one  of  the 
techniques  used  to  passivate  metals,  the  feasibility  to  passivate  the  BaTi03  particle  is 
discussed  with  respect  to  possible  additives. 

Colloidal  stability  and  rheological  properties  of  the  aqueous  BaTi03  suspensions  are 
dependent  on  the  charge  formation  associated  with  the  particle  surface  and  the  polymeric 
additives  which  are  both  affected  by  the  incongruent  dissolution  of  the  Ba2+  ion  from  the 
particle  surface.  The  general  electrostatic  charge  formation  on  a  particle  surface  is 
discussed,  followed  by  the  presentation  of  polymeric  dispersion  mechanisms.  The 
electrophoretic  behavior  for  both  aqueous  BaTi03  suspensions  and  aqueous  Ti02 
suspensions  is  presented.  Adsorption  studies  of  alkaline-earth  cations  onto  the  Ti02 
particle  surface  are  reviewed  to  provide  insight  to  the  charge  formation  of  BaTi03  in  water. 
The  predominant  adsorption  mechanism  for  Ba2+  absorbing  onto  the  Ti02  surface  was 
quantitatively  assessed.  The  electrophoretic  behavior  of  calcium  oxalate  monohydrate  is 
reviewed  to  show  the  possible  charge  imparted  by  one  of  the  suggested  passivating  agents. 
The  location  of  the  binder  molecule  and  its  interaction  with  the  particles  present  in  solution 
is  briefly  mentioned  because  there  is  no  literature  addressing  these  binder  issues. 

In  addition,  the  non-stoichiometric  particle  surface  caused  by  incongruent 
dissolution  is  reported  to  cause  liquid  phase  sintering  and  abnormal  grain  growth  in  the 
microstructure  of  the  fired  component,  which  adversely  affects  the  dielectric  properties. 
Sintering  of  BaTiO,  is  reviewed  to  show  the  optimum  grain  size  and  the  importance  of  the 
Ba:Ti  ratio  at  the  surface  of  the  particles.  Although  several  of  these  studies  provide  vital 
information  for  improving  the  electronic  properties  of  the  MLC,  most  of  the  powders  used 
in  these  studies  were  naively  exposed  to  an  aqueous  environment,  either  through  wet 
milling  or  atmospheric  conditions.  Thus  the  particles  employed  in  the  various  studies  may 


4 


exhibit  surface  layers  and  Ba:Ti  ratios  which  are  different  in  composition  from  the  reported 
stoichiometry.  However,  one  researcher  accounted  for  the  water  effect  on  the  BaTi03 
surface  and  reported  its  effects  on  grain  size  and  microstructural  uniformity  of  the  sintered 
BaTi03 . 

The  literature  review  strongly  demonstrates  the  need  to  better  understand  the 
solution  chemistry  at  the  BaTi03  particle/H20  interface  and  its  affect  on  the  colloidal 
properties  (i.e.,  dispersion  and  rheological  behavior)  of  BaTi03  wet  forming  suspensions 
for  the  MLC. 

1.3.  Chemical  Passivation  of  the  Barium  Titanate  Particle  Surface  via  Oxalic  Acid 
Chapter  3  examines  the  feasibility  to  chemically  passivate  the  unstable  BaTi03 
particle  surface  and  minimize  the  incongruent  dissolution  under  aqueous  conditions.  As- 
received  BaTi03  powders  were  characterized  using  X-ray  diffractometry  (XRD)  for  phase 
crystallinity;  scanning  electron  microscopy  (SEM)  for  morphology,  topography,  and  a 
general  particle  size;  gas  adsorption  for  specific  surface  area;  and  a  centrifugal 
sedimentation  technique  for  particle  size  distribution.  The  relatively  low  solubility  and  the 
electrophoretic  behavior  of  BaC204H20  provided  the  basis  for  the  theory  that  a  BaC204 
layer  on  the  surface  of  the  BaTiO,  particle  could  (1)  minimize  the  Ba2+  concentrations  in 
solution,  and  (2)  increase  suspension  stability  by  imparting  a  uniform,  relatively  constant 
charge  over  a  wide  pH  range.  Direct  current  plasma  spectroscopy  (DCP)  and  inductively 
coupled  plasma  spectroscopy  (ICP)  were  used  to  demonstrate  a  reduction  in  the 
concentration  of  Ba2+(aq)  in  aqueous  BaTi03  suspensions  containing  oxalate  ions  as 
opposed  to  aqueous  BaTi03  suspensions  without  oxalate  ions  present.  High  resolution 
transmission  electron  microscopy  (HRTEM)  was  used  to  visually  confirm  the  presence  of  a 
layer  on  the  oxalate-treated  BaTi03  particles.  Electrophoretic  behavior  study  of  aqueous 
BaTi03  suspensions  as  a  function  of  solids  loading  was  used  to  determine  changes  in  the 
behavior  with  increased  surface  area  exposure.  Electrophoretic  behavior  studies  of  both 
aqueous  BOM  suspensions  and  BaTi03  suspensions  as  a  function  of  oxalate  concentration 
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were  used  to  confirm  the  relatively  constant  charge  of  the  BOM  particles  with  respect  to  pH 
and  to  determine  the  effectiveness  of  manipulating  the  charge  of  BaTi03  particles  by  the 
addition  of  oxalic  acid.  Electroacoustic  analysis  was  used  to  analyze  higher  solids  loading 
suspensions  to  provide  insight  to  the  charge  formation  of  increased  BaTi03  concentrations. 

Chapter  3  confirms  one  of  the  major  problems  associated  with  the  aqueous 
processing  of  BaTiO,  and  offers  the  following  potential  solution:  add  the  BaTi03  to  oxalic 
acid  solution  to  provide  oxalate  ions  that  can  react  with  dissolving  Ba2+  leaving  the  BaTi03 
surface  to  form  a  BaC204  passivation  layer  on  the  surface  of  the  BaTi03  particles. 
1 .4.  Dispersion  of  the  Aqueous  Barium  Titanate  Suspensions 

Chapter  4  investigates  the  dispersion  of  aqueous  BaTi03  suspensions  by  the 
addition  of  various  polymers  (cationic,  neutral,  and  anionic).  Low  solids  loading  solution 
chemistry  analysis  via  ICP,  sedimentation,  and  electrophoretic  behavior  were  used  as 
preliminary  studies  to  screen  and  eliminate  dispersants  that  increased  the  concentration  of 
Ba2+(aq)  concentration,  increased  the  sedimentation  rate,  or  reduced  the  zeta  potential  when 
added  to  the  oxalate-treated  BaTi03  suspensions.  Dispersants  that  did  not  increase  the 
Ba2+(aq),  compromise  the  stability,  or  reduce  the  zeta  potential  were  characterized  at  higher 
solids  loading  where  stability  is  more  apparent  due  to  the  increased  number  of  inter-particle 
collisions.  Higher  solids  loading  slurries,  similar  to  industrial  tape  casting  formulations, 
were  investigated  by  analysis  of  the  Theological  behavior  (apparent  viscosity  and  Bingham 
yield  point)  of  each  slurry,  by  visual  assessment  of  hand  cast  pseudo  tapes  for 
agglomerates,  and  with  the  SEM  to  determine  the  particle  packing  within  the  microstructure 
of  the  green,  pseudo  tapes.  The  particle  packing  within  the  pseudo  tape  corresponds  to  the 
dispersion  of  the  oxalate-treated  BaTi03  suspension  with  polymeric  dispersants  present. 

Chapter  4  corroborates  the  need  to  add  a  cationic  polyelectrolyte  to  disperse  the 
oxalate-treated  BaTi03  particles  without  compromising  the  solubility  of  the  BaC204 
passivation  layer. 
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1.5.  Binder  Formulations  for  Aqueous  Barium  Titanate  System 
The  experiments  in  Chapter  5  were  specifically  designed  to  determine  the  colloidal 
stability  of  various  binder  systems  with  the  aqueous  passivation-dispersion  scheme  for 
BaTi03.  The  incongruent  dissolution  of  BaTi03  is  inhibited  by  forming  a  relatively 
insoluble  salt,  barium  oxalate,  on  the  particle  surface  which  imparts  a  relatively  constant, 
negative  surface  charge  over  a  wide  pH  range.  The  addition  of  PEI  to  the  oxalate-treated 
BaTi03  imparts  a  positive  surface  charge  and  colloidal  stability.  Three  types  of 
polyelectrolytes  (anionic,  neutral,  and  cationic)  were  evaluated  as  possible  binders  for  the 
oxalate/PEI-treated  BaTi03.  Polyacrylic  acid  which  readily  takes  on  negative  charge, 
polyvinyl  alcohol  and  polyethylene  oxide  which  are  neutral  polymers,  and  polyethylene 
imine  and  polyvinyl  pyrrolidone  which  are  two  cationic  polymers  were  analyzed  for 
compatibility  with  the  chemically  modified  and  dispersed  BaTi03.  Preliminary  studies  at 
low  solids  loading  include  electrophoresis  and  sedimentation  for  oxalate/PEI-treated 
BaTi03  suspension  with  binder  present,  and  Theological  characterization  of  solutions 
containing  various  combinations  of  the  three  additives  (oxalate,  PEI,  and  binder)  without 
BaTi03  present  to  determine  possible  interactions  between  any  two  of  the  three  additives 
without  BaTi03  present.  High  solids  loading  samples  were  prepared  to  analyze  samples  at 
a  concentration  similar  to  tape  casting  formulations  where  colloidal  stability  is  more  critical. 
Instability  or  interactions  within  the  suspension  will  be  more  obvious  at  the  higher  solids 
loading.  Binder  compatibility  will  be  assessed  at  the  larger  solids  content  via  rheological 
behavior  of  the  slurry,  visual  inspection  for  inconsistencies  or  imperfections  within  the 
tape,  and  scanning  electron  microscopy  of  the  particle  packing  within  the  cast  pseudo- 
tapes. 

Chapter  5  shows  that  the  slightly  positively  charged  polyvinyl  pyrrolidone  when 
added  to  the  passivated/dispersed  BaTi03  as  a  binder  system  comprised  of  a  two  different 
molecular  weights  mixture,  is  the  most  effective  binder  from  polymers  investigated  for  the 
oxalate/PEI-treated  BaTi03  particles. 
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1 .6.  Conclusions  and  Future  Research 
Chapter  6  summarizes  the  conclusions  for  each  topic  discussed  in  the 
current  research  and  presents  suggestions  for  possible  future  research  topics. 


CHAPTER  2 
LITERATURE  REVIEW 


2.1.  Introduction 

The  discovery  of  the  electronic  properties  exhibited  by  barium  titanate  (BaTi03)  led 
to  a  thorough  investigation  of  the  solid  state  properties  of  this  perovskite-structured 
material.0,2,20  These  unique  properties  make  BaTi03  the  most  prolific  polycrystalline 
ceramic  used  in  the  fabrication  of  multilayer  capacitors  (MLC).(8)  With  an  emphasis  to 
produce  higher  capacitance  from  smaller  MLCs,  knowledge  (a  fundamental  understanding) 
and  control  the  colloidal  properties  of  proprietary  slurries  is  necessary  if  increased  volume 
efficiency  is  accomplished  via  thinner  ceramic  layers. <5  7)  With  a  general  movement  by  the 
MLC  industry  toward  tape  aqueous  production,  the  first  part  of  this  chapter  will  review 
multilayer  capacitor  fabrication  emphasizing  the  processing  steps  that  are  most  affected  by 
the  current  research.  In  later  sections,  a  review  of  the  literature  on  the  stability  of  aqueous 
BaTi03  suspensions,  the  passivation  of  materials,  the  formation  of  electrostatic  charge,  and 
mechanisms  of  polymeric  dispersion  is  provided.  More  detail  is  given  to  the  surface  charge 
development  of  BaTi03,  rutile,  and  calcium  oxalate  monohydrate  (COM)  in  water. 
Sintering  behavior  of  BaTi03  is  discussed  to  show  the  effect  of  the  Ba:Ti  ratio  on  the  grain 
size,  final  microstructure,  and  dielectric  properties  to  emphasize  the  importance  of 
addressing  the  instability  of  BaTi03  in  an  aqueous  environment.  This  chapter  concludes 
with  a  discussion  of  the  characterization  techniques  used  to  discern  the  desired  information 
and  provide  insight  to  improve  the  aqueous  processing  of  BaTi03. 

2.2.  Processing  of  Multilayer  Capacitors 

The  MLC  fabrication  has  been  well  documented  by  many  authors.'5"12'  A  general 
processing  flowchart  of  the  MLC  is  shown  in  Figure  2. l.(5)    Figure  2.2  provides  a 
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Figure  2. 1 .  Production  flowchart  for  the  fabrication  of  the  multilayer  capacitor/5' 


Figure  2.2.  Schematic  showing  both  the  3-dimensional  view  and  the  side-view  of  the 
laminated  polycrystalline  ceramic  and  metal  structure  of  the  multilayer  capacitor. (5,22) 
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schematic  representation  of  the  laminated  polycrystalline  ceramic  and  metal  layers. (22)  The 
manufacturing  procedure  for  the  MLC  will  be  discussed  below  starting  with  a  description 
of  the  various  forms  of  synthesized  powder  for  use  in  MLC  fabrication  up  to  and  including 
the  final  testing  of  the  electronic  package. 

Several  different  synthesis  techniques  are  used  to  produce  BaTi03  powder.  BaTi03 
powder  may  be  synthesized  by  reaction/calcination,  coprecipitation,  hydrothermal 
synthesis,  metal  organic  decomposition,  or  carbothermic  reduction/23"27'  The  production  of 
Ceramic  disk  and  tube  capacitor  production  does  not  demand  as-received  powder  with  the 
strict  specifications  needed  for  the  production  of  thin  ceramic  layers  for  MLCs.  The 
stoichiometry  (Ba:Ti  ratio),  presence  of  impurities,  specific  surface  area,  particle  size,  and 
particle  size  distribution  are  critical  characteristics  of  the  as-received  BaTi03  powder  used  in 
the  fabrication  of  uniform,  thin  ceramic  layers  for  MLCs.(28,29)  Ideally,  to  produce  fired 
ceramic  layers  less  than  5um  thick  the  particle  size  should  be  less  than  0.5  um  with  a 
narrow  particle  size  distribution.(30'31,  The  motivation  for  reducing  the  thickness  of  the 
ceramic  layers  is  to  increase  the  capacitance  of  the  MLC.  The  capacitance  (C)  of  each 
ceramic  layer  is  directly  related  to  the  thickness  (r)  according  to  the  following  equation: 

C  =  ^^  [2.1] 
t 

where  k  is  the  dielectric  constant  of  the  material,  £0  is  the  permittivity  of  free  space 

(8.85  x  10"12F/m),  and  A  is  the  unit  area  of  each  layer.(32)  The  total  capacitance  of  the  MLC 

is  equal  to  the  summation  of  the  individual  layers. 

nke.A        ,  C  1 

CMlc=— -f—      where      — —  « -  [2.2] 

t  unit  volume  t 

An  increase  in  the  number  of  ceramic  layers  (n)  increases  the  capacitance  of  the  MLC  and 

the  capacitance/unit  volume  is  inversely  proportionate  to  the  thickness  squared  emphasizing 

the  importance  of  reducing  the  thickness  of  the  ceramic  layers.  Therefore,  the  ceramic  layer 

thickness  and  grain  size  in  the  fired  microstructure  must  be  tailored  to  maximize  the 

dielectric  properties  of  the  MLC. 
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The  slurry  for  tape  casting  thin  films  for  the  MLC  industry  is  highly  specialized  and 
generally  proprietary. (12)  A  slip  is  composed  of  ceramic  particles,  a  suspending  medium 
(either  water  or  a  nonaqueous  medium  such  as  toluene  or  polymethyl  butanol),  and  several 
polymeric  additives  to  control  dispersion,  plasticity,  foaming,  and  viscosity.'9"12'  The 
synthesis  of  submicron-sized  particles  results  in  relatively  large  surface  areas.  Therefore, 
surface  chemistry  interactions  at  the  solid/solution  interface  that  largely  govern  the  quality 
of  dispersion  need  to  be  monitored  more  closely. <33,34)  These  interactions  include  the 
dissolution  or  adsorption  of  simple  ions,  surfactants,  and  polymers  at  the  particle  surface. 
Dispersion  of  BaTiO,  powder  involves  breaking  agglomerates  and  aggregates  formed 
during  synthesis  and  storage,  then  stabilizing  the  particles  to  minimize  agglomeration  prior 
to  solidification  of  the  slurry  into  tape  form/34'  The  aggressive  chemical  attack  on  the 
multicomponent  ceramic  by  water  may  lead  to  the  formation  of  depleted  surface  layers, 
deposition  of  other  metastable  phases  from  saturated  solution  or  via  crystallization  of 
surface  films,  readsorption  of  the  dissolved  species,  and  diffusion  of  the  species  through 
these  layers/14,20,35,36'  When  ceramic  particles  are  placed  in  water,  a  charge  is  formed  at  the 
particle/solution  interface.  When  this  charge  is  too  small  in  magnitude  to  provide 
electrostatic  stability  of  the  suspension,  a  polymer  may  be  added  to  the  suspension  to 
improve  the  colloidal  properties.  Dispersion  of  the  particles  with  polymer  occurs  primarily 
by  chemical  and  physical  interactions  of  the  surfactant  at  the  surface  of  the  ceramic 
particles.'3438'  Variation  in  dispersion  of  the  ceramic  powder  sacrifices  the  reproducibility 
of  the  multilayer  capacitor  fabrication  from  batch  to  batch.  Surface  reactions  at  the  BaTi03 
particle/H20  interface,  specifically  the  theoretical  stability  and  the  charge  formation,  are 
discussed  in  later  sections. 

The  rheological  properties  of  the  slurry  are  highly  dependent  on  the  quality  of 
dispersion  of  the  powder  and  interactions  between  the  powder,  solution,  and  polymeric 
additives.  Figure  2.3  summarizes  the  different  rheological  behavior  encountered  in  the 
characterization  of  suspensions/34'  Ideally,  the  rheological  behavior  of  the  ceramic  slurry 
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Shear  Rate  (sec  -l ) 


Figure  2.3.  Different  types  of  rheological  behavior  characteristics  for  various 
suspensions/34* 
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should  be  pseudoplastic  with  a  moderate  Bingham  yield  point  (BYP).(39)  The  pseudoplastic 
(shear  thinning)  behavior  describes  a  decrease  in  the  viscosity  with  an  increase  in  the  shear 
rate  and  the  BYP  is  the  force  per  unit  area  required  to  cause  the  slurry  to  flow.  These  two 
rheological  properties  dictate  the  uniformity  of  the  film  thickness  after  the  shear  of  the 
doctor  blade  is  removed.02' 

The  slips  are  generally  milled  mechanically  for  extended  periods  of  time  ranging 
from  several  hours  to  days  in  an  effort  to  crush  any  agglomerates  and  aggregates 
present.(40)  Although  the  aqueous  milling  process  is  generally  considered  to  be  effective  by 
MLC  manufacturers,  this  process  step  continually  generates  new  BaTi03  surface  that  has 
not  reacted  with  the  surrounding  water. 04,15,17 -20'35'4'-43)  The  increase  in  surface  area 
increases  the  concentration  of  Ba2+  in  solution,  which  promotes  the  deleterious  solution 
reactions  that  compromise  the  aqueous  tape  fabrication/44,45'  After  milling,  a  negative 
pressure  is  used  to  remove  trapped  gas  from  within  the  slurry  and  to  minimize  the  amount 
of  bubbles  in  the  cast  tapes.  Gas  removal  is  important  because  bubbles  lead  to  the 
formation  of  holes  in  the  green  tapes  and  allow  metal  contact  between  two  electrodes, 
causing  shorts  in  the  electronic  component. 

The  most  common  way  to  fabricate  polycrystalline  BaTi03  layers  is  by  tape  casting, 
often  via  a  doctor  blade  or  waterfall  technique.02'  After  degassing,  the  slurry  is  transferred 
to  a  sealed  hopper  and  spread  approximately  10|xm  to  50  nm  thick  across  a  moving 
stainless  steel  belt  or  polymer  film.  The  thickness  of  the  wet  tape  is  controlled  by  the 
height  setting  of  the  doctor  blade,  the  speed  of  the  moving  carrier  film,  and  the  rheological 
behavior  of  the  slurry.0"  The  waterfall  technique  relies  on  the  rheological  properties  of  the 
slurry  and  the  speed  of  the  substrate  to  control  ceramic  layer  thickness.  Variations  in  the 
thickness  across  the  tape  are  directly  influenced  by  the  rheological  behavior  of  the  slurry 
and  the  drying  rate  of  the  wet  tape.  The  edges  of  the  dried  ceramic  tape  are  cut  and 
removed  to  reduce  variations  in  the  tape  thickness  before  collection  on  a  reel. 
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The  reels  of  ceramic  tape  are  cut  into  uniform  sizes  and  printed  with  an  alternating 
metallic  base  pattern  for  the  electrode  of  the  capacitor.  Up  to  one  hundred  sheets  are 
stacked  and  laminated  together  by  the  application  of  heat  and  pressure  (60°C  to  80°C,  and 
up  to  30MPa  respectively). (5)  The  number  of  ceramic  layers  influences  the  electrical 
properties  of  the  final  capacitor.  The  laminated  sheets  are  then  diced  into  individual 
capacitors  and  cofired  through  a  continuous  furnace.  The  furnace  has  specific  temperature 
zones  for  removal  of  all  fabrication  additives  that  compromise  the  final  electronic  properties 
of  the  component.  The  removal  of  the  additives  must  be  completed  before  the  onset  of 
sintering,  otherwise  gaseous  products  will  be  trapped  within  the  structure  and  destroy  the 
component.  Termination  and  leads  are  attached  to  the  fired  metal/ceramic  composite  and 
the  MLC  package  is  hermetically  sealed  to  minimize  environmentally  degradation.  Finally, 
selected  samples  are  tested  for  electronic  properties  to  provide  quality  control. 

The  chemical  aspects  of  the  MLC  aqueous  processing  are  neither  trivial  nor  fully 
understood  by  the  MLC  industry.  The  solution  chemistry  (surface  reactions)  that  takes 
place  during  processing,  including  slurry  preparation  and  drying  of  the  BaTi03  green  tapes, 
is  not  normally  taken  into  account.  Unfortunately,  aqueous-based  processing  of  BaTi03  is 
difficult  due  to  the  incongruent  dissolution  of  the  particles,  which  supplies  large 
concentrations  of  Ba2+(aq).  If  not  properly  understood  and  controlled,  aqueous  processing 
of  BaTi03  alters  the  stoichiometry  at  the  particle  surface,  reduces  the  effectiveness  of  the 
polymeric  additives,  and  affects  the  sintering  of  the  ceramic  layers,  compromising  the 
electrical  properties  of  the  MLC. 

2.3.  Aqueous  Environment 
2.3. 1 .  Solubility  of  Barium  Titanate  and  Titanium  Dioxide  in  Water 

In  the  late  seventies  and  early  eighties,  nuclear  waste  management  was  investigating 
the  perovskite  structure,  specifically  calcium  titanate  (CaTi03),  as  a  solid  solution  storage 
structure  for  contaminated  nuclear  by-products.  The  solid  solution  nuclear 
waste/perovskite  was  named  SYNROC  in  expectation  of  its  success  because  the  perovskite 
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mineral  was  thought  to  be  highly  resistant  to  chemical  attack/46'  However,  the  chemical 
stability  of  the  perovskite  was  quickly  refuted  when  CaTi03  was  determined  to  be  unstable 
in  natural  ground  waters.(47)  CaTi03  incongruently  dissolves  in  water,  leaving  behind  a 
Ca2+-depleted  or  Ti-rich  region  at  the  solid  CaTi03/solution  interface.(48)  The  depth  of  the 
Ti-rich  layer  was  found  to  be  dependent  upon  solution  pH,  being  more  profound  under 
acidic  conditions.  The  investigations  showed  that  CaTi03  decomposes  to  CaC03  and  Ti02 
in  the  presence  of  C02-contaminated  water.(47,48)  The  determination  that  the  perovskite 
structure  is  unstable  in  an  aqueous  environment  terminated  research  by  nuclear  waste 
management  on  perovskites  used  for  nuclear  waste  storage. 

At  approximately  the  same  time  as  the  investigations  of  CaTi03  as  a  nuclear  waste 
storage  material,  ceramists  investigated  the  theoretical  stability  of  BaTi03.(49)  The 
dissolution  reactions  associated  with  BaTi03  may  be  understood  in  terms  of  the  solubility 
of  the  individual  metal  oxide  components,  BaO(s)  and  TiO2(s).<50)  Figure  2.4  shows  the 
phase  stability  diagram  for  BaTi03(s)  in  water.(1415)  BaTi03(s)  in  the  Ba-Ti-C02-H20 
system  undergoes  incongruent  dissolution  below  ~pH  13,  with  the  concentration  of 
Ba2+(aq)  dependent  on  the  concentration  of  dissolved  C02  in  the  solution. (1415  I7"19,35'41"43) 
The  concentration  of  Ba2+(aq)  derived  from  the  BaO(s)  component  is  large  (as  high  as 
0.1M)  and  depends  upon  the  surface  area  of  BaTi03  exposed  to  aqueous  solution  below 
about  pH  12.  In  contrast,  Figure  2.5  shows  that  Ti02(s)  is  only  sparingly  soluble  over  the 
pH  range  from  pH  3  to  pH  10.(20'50"55)  The  overall  stoichiometric  chemical  reaction 
describing  the  dissolution  of  BaTi03(s)  is  given  by, 

BaTi03(s)  +  H20  ^  Ba2+(aq)  +  2(OH  )(aq)  +  Ti02(s)  [2.3] 
However,  the  incongruent  dissolution  of  Ba2+  is  kinetically  hindered  by  the 
formation  of  a  diffusion  barrier  of  Ti02  and/or  of  the  metal  salt  BaC03,  which  is  normally 
present  on  the  surfaces  of  BaTi03  particles  as  depicted  in  Figure  2.6.(14  35)  However,  the 
milling  of  the  slurry  prior  to  tape  casting  constantly  exposes  virgin  BaTi03  surface  where 
Ba2+  has  not  been  dissolved.  This  continuous  new  surface  exposure  saturates  the  solution 
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Figure  2.4.  Theoretical  phase  stability  diagram  for  the  Ba-Ti-C02-H20  system.(1415) 
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Figure  2.5.  The  theoretical  stability  diagram  for  aqueous  Ti02  suspensions. 
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with  Ba2+(aq).(35)  It  has  been  demonstrated  that  most  commercial  BaTi03  powders  have  a 
BaC03  surface  layer  that  forms  during  storage  of  the  powder  or  during  slurry 
formulation.04,42'  Whether  Ti02-rich  or  BaC03  passivation  layers  are  present  on  the 
BaTi03  particle  surface  depends  on  the  environment  to  which  the  powders  are  subjected 
during  and  subsequent  to  synthesis/40 

The  general  perovskite  structure  can  be  designated  as  AB03,  with  the  A  ions  located 
at  the  corners,  B  ions  positioned  at  the  center,  and  O2"  ions  located  at  the  face  centers  of  the 
cube.0,2'20  Figure  2.7  depicts  the  specific  perovskite  structure  for  BaTi03.  The  A  site,  a 
basic  cation,  is  generally  soluble  over  a  relatively  large  pH  range  while  the  B  site,  an  acidic 
cation,  is  relatively  insoluble.  This  has  been  shown  to  be  true  for  BaTi03,  where  the  A  ion 
is  Ba2+  and  the  B  ion  is  Ti4*. 

In  summary,  the  aqueous  processing  of  multicomponent  ceramics  may  lead  to  the 
formation  of  depleted  surface  layers,  deposition  of  other  metastable  phases  either  from 
saturated  solution  or  via  crystallization  of  surface  films,  readsorption  of  the  dissolved 
species,  and  diffusion  of  the  species  through  these  layers.  The  presence  of  BaC03  on  the 
surface  or  a  change  in  the  Ba:Ti  ratio  due  to  incongruent  dissolution  of  the  surface  in 
aqueous  solution  can  adversely  affect  sintered  microstructures  (e.g.,  exaggerated  grain 
growth)  in  BaTi03  and,  consequently,  lead  to  poor  electronic  properties  of  the  component. 
Excess  Ba2+  in  solution  that  dissolves  from  the  BaTiO,  particle  surface  can  cross-link  the 
various  polymeric  additives,  or  may  redeposit  onto  the  particle  surface  upon  drying  of  the 
tape,  thus  changing  the  surface  composition.  Polymeric  dispersion  and  sintering  of  BaTi03 
from  a  Ba:Ti  perspective  is  discussed  in  more  detail  in  later  sections  to  address  the  effect  of 
excess  Ba2+(aq)  on  the  cross-linking  of  polymeric  additives  and  the  final  microstructure 
respectively. 

2.3.2.  Passivation  of  Thermodynamically  Unstable  Metals  and  Glasses 

The  passivation  of  metal  surfaces  has  been  documented  for  many  years/55"57'  Four 
different  types  of  metal  passivation  include  the  formation  of  an  oxide  in  air,  the  passivation 
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Barium  Oxygen  Titanium 


Figure  2.7.  Schematic  showing  two  different  views  of  the  BaTi03  perovskite 
structure.02'21' 
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of  the  cathode  in  solution,  the  passivation  of  the  anode  in  solution,  and  the  addition  of 
inhibitors  to  solution  that  preferentially  interact  at  the  metal/solution  interface,  protecting  the 
metal  (Figure  2.8).(58)  The  formation  of  an  oxide  passivation  layer  on  a  metal  in  air  via  a 
reaction  between  the  metal  and  oxygen  is  dependent  on  the  free  energy  of  formation  for  the 
oxide.  This  is  analogous  to  the  formation  of  BaC03  on  the  surface  of  BaTiO,  in  air.  The 
problem  with  BaC03  as  a  passivation  layer  for  BaTi03  is  the  capricious  solubility  of  BaC03 
in  water  as  a  function  of  solution  pH. 

Some  metal  surfaces  react  under  particular  environmental  conditions  to  produce  a 
thin  metal  oxide  passivation  layer  which  is  relatively  inert  in  aqueous  solution.  Cathodic 
passivation  requires  a  sacrificial  anode  which  supplies  electrons  to  the  metal  and  prevents 
corrosion.  However,  the  addition  of  a  sacrificial  anode  to  BaTi03  is  impractical  and  will 
not  be  considered  here.  Anodic  passivation  is  commonly  used  to  protect  aluminum.  In  this 
case,  the  metal  is  exposed  to  a  strongly  oxidizing  solution  and  a  thick  oxide  layer  is 
produced.  The  formation  of  a  BaO  passivation  layer  on  the  surface  of  BaTi03  is  not  worth 
pursuing  because  the  solubility  of  BaTi03,  as  discussed  in  the  previous  section  is  based  on 
the  solubility  of  the  individual  metal  oxide  components,  BaO(s)  and  Ti02(s). 

The  only  possible  metal  passivation  technique  that  could  be  applied  to  the 
passivation  of  BaTi03  is  the  addition  of  inhibitors  to  the  solution  phase.  Specific  ions  are 
added  to  the  solution  which  preferentially  associate  with  the  metal  surface  and  restrict 
corrosion.  The  concentration  of  ions  added  is  critical  and  must  be  sufficient  to  protect  all 
exposed  metal  surfaces.  Insufficient  concentrations  of  inhibitor  ions  will  lead  to  accelerated 
corrosion  at  the  unprotected  areas.  A  few  possible  passivating  agents  for  BaTi03  are 
proposed  in  the  following  section.  In  principle,  the  passivation  of  BaTi03  in  an  aqueous 
environment  may  be  achieved  in  a  similar  manner  to  the  passivation  of  metals  through  the 
addition  of  inhibitor  ions,  in  that  a  surface  reaction  may  be  induced  between  the  dissolving 
Ba2+  from  the  surface  of  the  particles  and  inhibitor  ions  added  to  the  surrounding  media  to 
minimize  Ba2+  dissolution. 
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a. 


Titanium 


Ti 


Ti(s)  +  02(g)  ^  T102(s) 


Atmosphere 


anode  reaction  =>  Mg  ^=  Mg2+  +  2e"  and  cathode  reaction  =>  Fe2+  +  2e"  Fe 


Metal 


Passivated  Metal 


Fe(s)  +  02(g)  +  2H20  +  2e- 


Fe2+  +  40H"  =>  Fe2+  +  20H  ^  Fe(OH)2 


Metal 


CrO«J~ 
CrO,!" 
Cr04*~ 
Cr04J" 
Cr<V" 
Cr04l- 
Cr04»- 


Cr<V 


CrCV 


Solution 


CrCV" 
Cr04l" 


Metal(s)+  Cr02"(aq)  ^  Metal- CrO2- 

Figure  2.8.  A  schematic  of  the  various  techniques  with  corresponding  reactions  to 
passivate  metals  where  (a)  an  oxide  surface  layer  forms  in  the  presence  of  02,  (b)  cathodic 
protection  which  involves  a  sacrificial  magnesium  anode  to  assure  that  the  galvanic  cell 
makes  the  pipeline  the  cathode,  (c)  anodic  protection  which  passivates  through  exposure  of 
the  metal  to  a  concentrated  oxidizing  solution,  and  (d)  inhibitor  ions  associate  with  the 
surface  to  protect  the  underlying  metal  from  corrosion/5®* 
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The  passivation  of  glasses  is  due  to  the  formation  of  a  depleted  region  in  solution, 
the  incorporation  of  multivalent  ions  into  the  surface,  formation  of  a  crystalline  phase  at  the 
surface  of  an  amorphous  glass,  or  the  deposition  of  dissimilar  materials  (i.e.  polymer  or 
metal)  passivating  layer  prior  to  exposure  of  the  glass  to  the  aggressive  environment/59"62' 
The  passivation  of  the  BaTi03  surface  to  minimize  the  incongruent  dissolution  modeled 
after  the  techniques  used  to  passivate  glass  is  highly  unlikely.  However,  the  principles  of 
corrosion  may  be  applied  to  understanding  the  incongruent  dissolution  of  BaTi03.  The 
depleted  region  in  the  passivation  or  corrosion  of  glass  consists  of  a  compositional  gradient 
restricting  the  diffusion  of  the  dissolving  ion  to  the  solution  phase.  Figure  2.9  shows  five 
different  types  of  corrosion  for  various  glass  compositions/59'  Type  1  and  Type  3  glass 
corrosion  require  the  coating  of  the  glass  surface  with  an  insoluble,  compatible  coating  or 
the  formation  of  a  surface  composition  via  incorporation  of  multivalent  ions  that  is  more 
chemically  resistant  than  the  bulk  material,  respectively.  Type  5  corrosion  shows 
congruent  dissolution  of  the  glass  surface  where  all  species  dissolve  until  the  solution  is 
saturated.  The  corrosion  of  BaTi03  is  similar  to  Type  2  glass  corrosion,  where  selective 
leaching  occurs  at  the  surface  leaving  behind  a  less  soluble  passivating  layer  that  restricts 
the  diffusion  of  the  dissolving  Ba2+  ions.  Although  the  formation  of  a  depleted  region  at 
the  surface  of  the  BaTi03  particle  passivates  the  inner  particle  core,  the  excess  Ba2+(aq) 
makes  this  passivation  unacceptable  in  the  processing  of  MLCs. 
2.3.3.  Feasibility  of  Passivating  Barium  Titanate 

The  basic  approach  in  the  current  work  is  to  create  a  surface  diffusion  barrier  that  is 
relatively  insoluble  yet  can  be  easily  removed  during  subsequent  processing  steps,  such  as 
binder  pyrolysis  and  firing.  The  ideal  situation  is  to  precipitate  a  simple  salt  with  the  Ba2+ 
ions  on  the  surface  of  the  suspended  BaTi03  particles  similar  to  the  passivation  of  metals 
by  the  addition  of  inhibiting  ions.  The  spontaneous  formation  of  a  stable  compound  on  the 
surface  will  arrest  further  dissolution  and  minimize  variation  in  the  Ba:Ti  ratio.  In  fact, 
BaC03(s)  is  a  natural  passivating  agent  on  the  surface  of  the  BaTi03  particles.09' 
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Figure  2.9.  Five  different  types  of  glass  surfaces  produced  during  corrosion. 
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Unfortunately,  the  solubility  of  BaC03  varies  dramatically  with  solution  pH  which  reduces 
the  effectiveness  of  BaC03  as  a  passivating  agent.  Moreover,  working  in  the  solution  pH 
regime  where  BaC03  is  stable,  above  pH  9,  is  not  advantageous  because  many  organic 
additives  used  as  dispersants  and  binders  lose  effectiveness  in  alkaline  pH  conditions. 

There  are  several  sparingly  soluble  barium  salts  that  have  the  potential  to  produce  a 
passivation  layer  on  BaTi03.  A  suitable  passivating  agent  should  form  a  sparingly  soluble 
salt  with  the  leached  Ba2+,  and  the  solubility  of  the  Ba-salt  should  be  relatively  insensitive 
to  changes  in  solution  pH.  The  Ba-salt  must  be  compatible  with  other  organic  additives 
such  as  dispersants  and  binders,  should  experience  clean  pyrolysis  during  the  organic 
burnout  and  sintering  processing  steps,  and  should  not  compromise  the  electronic 
properties  of  the  ultimate  material.  Included  among  potential  anions  that  form  sparingly- 
soluble  barium  salts  are  S04~  as  BaS04(s),  P04~  as  Ba3(P04)2(s),  C03~  as  BaC03(s), 

and  C204"  as  BaC204H20(s).  Figure  2.10(a)  and  2.10(b)  shows  the  solubility  of 
BaC204'H20(s)  and  a  similar  compound,  CaC204'H20(s),  in  water  as  a  function  of 
suspension  pH  respectively.07,63,64'  The  solubilities  of  the  passivating  solids,  BaS04(s) 
and  BaC204H20(s)  are  relatively  insensitive  to  changes  in  solution  pH,  while  the 
solubilities  of  Ba^PO^s)  and  BaC03(s)  vary  considerably  with  solution  pH  because  of 

the  respective  acid  dissociation  constants  for  H3P04  and  H2C03.  Thus  P04~and  C03" 
were  rejected  as  passivating  agents.  Both  acid  dissociation  constants  for  oxalic  acid 
(H2C204)  occur  below  pH  4.5  as  discussed  below,  thus  above  pH  4.5  the  solubility  of 
BaC204(s)  is  independent  of  solution  pH  similar  to  that  of  COM.(17,63,64)  The  S04"  species 
was  rejected  as  a  passivating  agent  because  of  the  unfavorable  gaseous  products  produced 
during  the  burnout  of  the  organic  additives  and  sintering.  BaC204(s)  is  sparingly  soluble 
with  the  solubility  relatively  constant  above  pH  4  and  should  experience  relatively  clean 
pyrolysis  and  leave  little  or  no  residue. (65,66)  Therefore,  oxalic  acid  was  chosen  as  an 
appropriate  passivating  agent.  Furthermore,  it  will  be  shown  in  future  work  that  dispersant 
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and  binder  systems  may  be  developed  that  are  compatible  with  the  oxalic  acid  passivation 
scheme.  One  of  the  potential  drawbacks  in  using  oxalic  acid  is  the  possible  formation  of 
BaCOj(s)  during  pyrolysis.  However,  this  limitation  is  not  expected  to  have  any  more 
impact  on  sintering  and  dielectric  properties  than  the  levels  of  BaC03(s)  present  in 
conventional  BaTi03  powders. 

2.4.  Dispersion 

The  colloidal  stability  and  rheological  properties  of  most  ceramic  particles  in 
aqueous  media  are  dependent  upon  surface  charge  formation  (i.e.  pH,  zeta  potential, 
isoelectric  point  (IEP),  ionic  strength,  and  polymeric  vis-a-vis  electrosteric  dispersion) 
which  is  affected  by  both  contamination  on  the  particle  surface  and  incongruent  dissolution 
of  the  surface.04'42'  The  release  of  ions  from  the  particle  surface  into  solution  can  also 
induce  gelation  of  polymeric  additives  and  impair  dispersion,  or  may  deleteriously  affect 
the  final  microstructure  of  the  sintered  body.(44,45)  These  disadvantages  can  be  overcome 
through  a  better  understanding  of  the  colloidal  chemistry,  particularly,  the  chemical 
reactions  at  the  oxide/solution  interface.  The  colloidal  chemistry  involved  in  ceramic 
processing  such  as  tape  casting,  extrusion,  or  slip  casting  is  critical  to  the  fabrication  of 
reliable  components  from  aqueous  suspension,  but  has  been  virtually  ignored  by  the 
processing  industry. 

2.4. 1 .  Electrostatic  Surface  Charge  Formation  and  Stabilization 

A  ceramic  dispersion  is  stable  in  the  colloid  chemical  sense  when  particles  repel 
other  similar  particles  and  remain  unaggregated.<67)  Suspended  particles  are  constantly 
moving  throughout  the  liquid  due  to  Brownian  motion,  gravity  (sedimentation),  and 
convection  currents.  This  random  motion  of  the  particles  leads  to  particle-particle 
interactions.  If  the  repulsive  forces  are  not  greater  than  the  attractive  forces,  the  particles 
will  agglomerate/68'  Larger  particles  are  generally  more  affected  by  gravity,  whereas 
smaller  particles  are  influenced  by  Brownian  motion.(69)  The  tendency  towards 
agglomeration  results  from  London  or  van  der  Waals  forces  which  are  invariably  present 
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and  always  attractive/70'  Thus,  a  suspension  is  stable  only  in  the  presence  of  strong, 
electrostatic  repulsive  forces,  as  a  result  of  the  electrical  double  layer  and  adsorbed  layers  at 
the  particle  surface. 

When  finely  divided  metal  oxide  particles  are  immersed  in  water,  the  charge  at  the 
surface  controls  the  stability  of  the  suspension.  All  metal  oxide  surfaces  carry  unsatisfied 
bonds  which  may  be  fully  coordinated  by  reacting  with  OH"  or  H+  ions  in  solution.  The 
hydroxyl  layer  can  be  represented  by  the  following  reaction.06' 

M20(s)  +  H20         2MOH(s)  [2.4] 

The  amphoteric  dissociation  of  the  hydroxyl  groups  allows  the  surface  of  the  oxide  to  form 
a  positive  or  negative  charge. 

MOH(s)  +  H+(aq)  ^  MOH2+(surface)  [2.5]  basic 

MOH(s)  ^  MO(surface)  +  H+(aq)  [2.6]  acidic 

Acid  dissociation  (equation  2.6)  leads  to  negative  surface  sites,  while  basic  dissociation 
(equation  2.5),  promotes  positive  surface  sites.  The  magnitude  of  the  surface  charge  (and 
therefore  the  surface  potential)  is  controlled  by  H+  and  OH"  ions.  Therefore,  these  ions  can 
be  considered  as  the  potential  determining  ions  for  ceramic  oxides  in  water.  The  adsorption 
of  any  other  univalent  simple  ions  cannot  increase  the  stability  of  oxide  dispersions.  In 
fact,  they  can  only  decrease  the  charge  as  shown  in  equations  2.7  and  2.8.(I6) 

MOH2+(s)  +  A-(aq)  MOH2A(s)  [2.7] 
MO(s)  +  C+(aq)  ^  MOC(s)  [2.8] 

However,  multivalent  ions  can  increase,  decrease,  or  reverse  the  potential  at  the 

surface/7172' 

MOH2+(s)  +  An-(aq)  ^  MOH2A<n  ""(s)  [2.9] 
An  important  property  of  these  low  solubility  oxide  materials  is  the  dependence  of 
adsorption  of  simple  ions  and  surfactants,  and  pH  on  the  oxide  acid/base  character/16' 
However,  the  dissolution  of  multicomponent  compounds  (i.e.  glasses  or  cements)'59'6"  in 
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any  solvent  is  a  complex  process  which  is  further  complicated  by  the  fact  that  these  systems 
undergo  preferential  leaching  of  certain  components,  rather  than  congruent  dissolution.'62' 
As  the  number  of  components  in  the  ceramic  oxide  increases,  the  reaction  with  water  can 
become  correspondingly  more  complex,  raising  the  possibility  that  a  number  of  different 
surface  films  will  form.(37,59) 

The  surface  potential,  Vo,  is  the  potential  difference  between  the  solid  surface  and 
the  bulk  solution.  The  potential  determining  ions  alter  the  surface  potential  on  transfer  from 
the  solution  phase  to  the  solid  surface  and  vice  versa.  Theoretical  analysis  of  the  double 
layer  shows  that  the  charge  density  in  the  aqueous  solution  decreases  rapidly  with 

increasing  distance  from  the  solid  surface,  and  that  the  potential,  V,  declines  monotonically 
as  a  function  of  distance. 

V(surface)  =  Vo  exp(-Kx)  [2.10] 

The  variable  K,  referred  to  as  the  Debye-Hiickel  parameter,  is  the  reciprocal  of  the  effective 
thickness  of  the  diffuse  layer.  Figure  2.1 1  shows  the  difference  in  separation  distance,  d, 
between  two  particles  with  a  small  K  value  and  a  large  K  value  (Figure  2.1 1.  (a)  and  (b) 
respectively).  Larger  K  values  indicate  thinner  electrical  double  layers  or  smaller  counter 
ion  clouds  surrounding  the  solid  particle.'44'  The  thickness  of  the  electrical  double  layer  is 
critical  for  dispersion  of  particles  and  can  be  approximated  by  the  Debye-Hiickel  equation, 

l/K  =  (ee0RT/F2I)°5,  [2.11](67) 

where  e,  e0,  R,  T,  and  F  represent  the  permittivity  of  the  solution,  permittivity  of  free 
space,  ideal  gas  constant,  temperature,  and  Faraday's  constant  respectively,  and 

\=lliL{ctzf).  [2.12] 
The  terms  I,  c,  and  z(  represent  the  ionic  strength  of  the  solution,  the  bulk  concentration  and 
the  charge  on  the  i  ,h  ion,  respectively/6870'  Figure  2.12  illustrates  the  decrease  in  the 


31 


Figure  2.1 1.  The  separation  distance,  d,  between  the  two  pairs  of  particles  is  determined  at 
the  initial  interaction  of  the  surrounding  ionic  clouds.  The  effective  thickness  of  the 
surrounding  ionic  cloud  (diffuse  layer)  is  the  reciprocal  of  the  Debye-Huckel  parameter 
where  the  k  value  in  (a)  is  smaller  than  (b). 
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Figure  2.12.  The  potential  distribution  near  the  surface  of  a  particle  for  different  ionic 
strength  values  for  the  simple  Gouy-Chapman  model  of  the  double  layer.(70) 
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double  layer  thickness  with  an  increase  in  the  ionic  strength  and  is  commonly  referred  to  as 
compression  of  the  double  layer.  The  solubility  of  BaTiO,  produces  large  concentrations 
of  the  divalent  ion,  Ba2+(aq).  Therefore,  the  ionic  strength  of  aqueous  BaTi03  suspensions 
where  the  solubility  of  the  particle  is  not  addressed  and  minimized  is  large  and  the  colloidal 
stability  is  poor. 

The  charging  of  the  solid  surface  gives  rise  to  a  separation  of  electric  charge  where 
the  solid  and  solution  acquire  opposite  charges  at  their  phase  boundary.  A  number  of 
surface  charge  models  have  been  proposed  in  the  literature,  ranging  from  simple 
approximations  to  more  complex  and  detailed  representations.'73"8"  All  surface  chemical 
models  may  contain  two  or  more  of  the  following  components:  (1)  a  surface  chemical 
charging  mechanism,  (2)  an  intermediate  surface  charge  layer  that  accommodates  the 
chemical  adsorption  that  may  occur  (i.e.  the  Stern  layer  or  the  Helmholtz  layers),  and  (3)  a 
Gouy-Chapman  layer  or  double  layer  that  ensures  electroneutrality  via  a  diffuse  layer  of 
electrostatically  attracted  ions  labeled  as  counter  ions.(74,75)  Of  these  ions,  those  that  are 
adsorbed  only  by  electrostatic  attraction  are  called  indifferent  electrolyte  ions;  those  ions 
which  are  adsorbed  by  other  means  in  addition  to  electrostatic  forces  are  termed  specifically 
adsorbed  ions  and  are  located  in  the  Stern  plane.  Figure  2.13  represents  a  schematic 
illustration  of  the  interfacial  charge  and  potential  distributions  associated  with  the  electrical 
double  layer.  The  most  simple  surface  charge  model  is  that  described  by  the  Nernst 
relationship.  However,  the  oxide-solution  surface  is  far  too  complex  to  be  described  by 
this  simple  model. 

In  order  to  quantitatively  assess  the  stability  of  colloidal  dispersions  ,  all  the  forces 
acting  in  the  system  must  be  considered.  The  Derjaguin-Landau-Verway-Overbeek 
PLVO)  theory  considers  the  colloid  stability  in  terms  of  the  electrical  double  layer  and 
London-van  der  Waals  forces.'81'82'  The  energy  as  a  function  of  interparticle  distance  is 
shown  in  Figure  2.14  (a.).  Figure  2.14  (b.)  shows  the  total  interaction  energy  curves  for 
"good",  "moderate",  and  "bad"  dispersions.  The  common  features  for  all  three  curves  are 
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DISTANCE  FROM  SURFACE 


Figure  2.13.  The  electrical  double  layer  structure  showing  the  strongly  adsorbed  ions 
within  the  Stern  plane  and  the  diffuse  surrounding  cloud  of  counter  ions  that  decreases  in 
concentration  with  distance  from  the  particle  surface.'68' 
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Figure  2.14.  (a.)  A  schematic  showing  the  attractive,  repulsive  and  total  electrostatic 
interaction  energy  curves  for  specific  solution  conditions,  and  (b.)  the  total  electrostatic 
interaction  energy  curves  for  a  poorly  dispersed  system,  a  moderately  dispersed  system, 
and  a  well  dispersed  system/68,  ' 
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(a)  the  deep  primary  minimum  at  small  particle  separations,  (b)  the  shallow  secondary 
minimum  at  larger  separation  distances,  and  (c)  the  magnitude  of  the  energy  barrier 
between  these  two  minima  which  controls  stability.'70'  The  stability  of  the  colloidal 
dispersion  breaks  down  when  the  total  energy  barrier  becomes  of  the  same  order  of 
magnitude  as  the  Brownian  motion-associated  energy  of  the  particles.  The  parameters 
which  determine  the  form  of  these  curves  are  the  surface  potential,  dielectric  constant,  ionic 
charge,  ionic  strength,  temperature,  Hamaker  constant,  and  particle  dimension.  In  dilute 
dispersions  it  is  often  sufficient  to  consider  only  interactions  between  pairs  of  particles, 
whereas  in  concentrated  systems  it  is  necessary  to  consider  multiparticle  interactions. 

Whether  the  dispersion  of  fine  particles  is  promoted  or  compromised,  it  should  be 
clear  from  the  above  discussion  that  simultaneous  characterization  of  the  solid  phase,  the 
interface,  and  the  aqueous  phase  is  necessary  in  order  to  obtain  a  complete  picture  of  the 
fundamental  charging  mechanisms  which  are  dominant. 
2.4.2.  Polymeric  Dispersion 

Most  ceramic  slurries  require  polymer  additives  to  assist  dispersion  of  the 
particulate.  Steric  stabilization  of  colloidal  particles  is  imparted  by  macromolecules  that  are 
attached  by  grafting  or  by  physical  adsorption  to  the  particle  surface.'38'  The  adsorbed 
polymer  molecules  form  a  physical,  steric  barrier  around  the  particles  which  acts  to  prevent 
close  approach  of  the  particles  and  agglomeration.  From  an  interaction  energy  versus 
separation  distance  perspective,  steric  stability  is  achieved  as  the  polymer  layer  becomes 
thicker  than  the  distance  of  the  electrostatic  energy  barrier.  Spontaneous  redispersion  of 
dried  particles  is  a  characteristic  feature  of  most  sterically/electrostatically  stabilized 
systems'38',  whereas  for  electrostatic  stabilization  alone,  once  the  particles  come  in  contact, 
redispersion  is  highly  unlikely.  However,  the  disadvantage  of  polymer  additions  to 
multicomponent  ceramic  systems  is  shown  in  Figure  2.15  where  the  polymer  molecules 
can  cross-link  and  form  a  gel  with  species  in  solution  that  dissolved  from  the  metal  oxide 
surface.'44'45'  In  addition  to  cross-linking,  the  formation  of  soluble  dissolved  species- 
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Figure  2.15.  Schematic  showing  a  possible  interaction  between  aqueous  species, 
specifically  a  PVA-Ba2+  interaction.  5) 
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polymer  complexes  increases  the  solubility  of  the  solid  present  in  solution.  Steric 
stabilization  is  generally  not  as  important  in  aqueous/low  solubility  oxide  systems,  except 
under  conditions  of  very  high  ionic  strength.  The  surface  chemistry  of  oxides  in  this  case 
controls  the  generation  of  charge. (83) 

Polymer  dispersants  are  typically  intermediate  length  (5,000  to  75,000  molecular 
weight)  organic  molecules  that  may  be  positive,  neutral,  or  negatively  charged  depending 
on  the  nature  of  side  or  backbone  functional  groups.  Polymeric  additives  can  disperse 
particles  by  either  of  the  mechanisms  shown  schematically  in  Figure  2. 1 6.<38)  In  depletion 
dispersion  shown  in  Figure  2.16(a),  the  polymer  remains  in  solution  and  reduces  the 
interaction  energy  with  which  similarly  charged  particles  collide.  In  the  depletion 
dispersion  scenario  the  polymer  is  either  neutral  or  exhibits  a  similar  polarity  to  the  surface 
potential  of  the  particles.  The  polymeric  additive  should  be  soluble  in  the  solution  phase 
and  should  not  enhance  deleterious  surface  reactions  or  react  with  species  present  in 
solution.  The  other  mechanism  shown  in  Figure  2.16(b)  involves  the  adsorption  of  the 
polymer  to  the  particle  surface  to  inhibit  particle-particle  collisions  via  electrostatic 
repulsion,  steric  hindrance,  or  a  combination  of  these  repulsive  mechanisms.  Steric 
stabilization  is  effective  when  the  polymeric  additive  adsorbs  on  the  surface  of  the  particle, 
the  thickness  of  the  extended  polymer  layer  is  greater  than  the  energy  barrier  (see 
Figure  2.14),  and  the  polymer  is  soluble  in  the  solution  phase.  The  attachment  of  the 
polymer  molecules  to  the  particle  surface  can  occur  by  covalent  bonding  between  species  in 
the  particle  surface  and  the  macromolecule,  by  electrostatic  adsorption  of  the  polymer  to  the 
particle  surface,  or  by  a  combination  of  covalent  and  ionic  interactions. 
2.4.3 .  Electrophoretic  Behavior  of  Titanium  Dioxide  and  Barium  Titanate 

Long  before  any  type  of  solution  chemistry  studies  were  performed  on  BaTi03, 
titanium  dioxide  (Ti02)  was  thoroughly  investigated  because  the  rutile  form  of  Ti02  has 
extensive  industrial  applications  as  a  pigment.  The  electrophoretic  behavior  of  rutile  and 
the  adsorption  of  alkaline  ions  were  studied  in  an  effort  to  try  to  improve  the  quality  of 
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Figure  2.16.  Schematic  showing  two  different  polymeric  dispersing  mechanisms  for 
suspensions,  (a)  depletion  dispersion  where  the  polymer  remains  in  solution  and  prevents 
particle  collisions  and  (b)  adhesion  of  the  cationic  polyelectrolyte  to  the  particle  surface 
preventing  particle-particle  contact  by  both  polymeric  and  electrostatic  repulsion/38' 
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paint  by  advancements  in  colloidal  chemistry.  Ti02  can  be  considered  as  a  model  metal 
oxide  for  a  number  of  reasons.  It  exhibits  a  reversal  of  charge  at  about  neutral  pH  enabling 
experimental  ion  adsorption  on  both  a  positive  and  a  negative  surface.  Titania  is  extremely 
insoluble  in  water.'20,50"55'  The  surface  properties  of  rutile  have  been  extensively  studied, 
resulting  in  the  determination  of  the  point-of-zero  charge  (PZC)  and  the  characterization  of 
the  surface  charge  by  electrophoretic  and  titrimetric  methods.(52)  The  PZC  is  defined  as  the 
pH  where  the  adsorption  of  potential  determining  ions  is  equal  (i.e.  r  „  =  rQH.  ).(52) 

Fuerstenau  and  coworkers'72'  first  determined  the  PZC  for  rutile  to  be  pH  6.5,  in 
agreement  with  several  other  investigators.'84"87'  NaN03  and  alkaline  earth/nitrate 
complexes  were  chosen  to  provide  variation  in  ionic  strength  and  analyze  the  adsorption 
behavior  of  divalent  ions  at  the  aqueous/rutile  interface  since  Na+  and  NO3  act  as 
indifferent  electrolyte  ions.  Thus,  any  changes  in  the  electrophoretic  behavior  of  Ti02  are 
due  to  the  adsorption  of  the  metal  ions.  This  allowed  the  authors  to  determine  the  effect  of 
ionic  size  on  the  adsorption  and  surface  charge.'72'  Such  electrokinetic  experiments  provide 
a  clear  demonstration  of  the  specific  adsorption  of  nonhydrolyzing  multivalent  ions  on 
oxides  from  aqueous  solutions.'88'  The  reversal  of  the  zeta  potential  of  rutile  to  positive 
values  in  the  presence  of  barium  is  much  more  dramatic  than  that  induced  by  Sr2+,  Ca2+, 
andMg2+  (Figure  2. 17  (a)).  At  all  concentrations  studied  (from  1.67x  10"3M  to  1.67  x  10" 
5M),  the  particles  exhibited  positive  electrophoretic  mobility  (Figure  2. 17(b)).  At  Ba2+ 
concentrations  above  1.67x  10"5M,  Ti02  particles  appeared  to  be  more  positively  charged, 
even  at  pH  values  below  the  PZC.  This  indicates  that  Ba2+  is  able  to  specifically  adsorb 
even  when  the  surface  charge  of  Ti02  is  positive.  The  affinity  sequence  of  the  alkaline 
earth  ions  determined  by  electrophoretic  observations  was  corroborated  by  a  series  of 
atomic  adsorption  experiments.'72' 

The  results  by  Jang  and  Fuerstenau  agreed  with  the  previous  electrophoretic 
mobility  behavior,  and  showed  that  interaction  strength  follows  the  same  sequence, 
Ba2+>Sr2+>Ca2+>Mg2+.'84)  Metal  ion  adsorption  from  dilute  solutions  usually  occurs  at  a 


Figure  2.17.  (a)  Summary  of  the  mobility  vs.  pH  curves  for  the  rutile  at  different  alkaline 
earth  cations  at  0.33  x  l(rM  concentration,  (b)  Electrophoretic  mobility  vs.  pH  curves  for 
rutile  in  the  presence  of  different  concentrations  of  Ba(N03)2.(72'84) 
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pH  below  the  hydrolysis  pH  region,  and  may  be  considered  to  take  place  either  through  ion 
exchange  (surface  complex),  in  which  metal  ions  replace  surface  protons,  or  through  the 
surface-induced  hydrolysis  of  unhydrolyzed  bulk  metal  ions.  Three  possible  schemes  for 
the  interaction  of  alkaline-earth  ions  or  other  divalent  cations  with  the  oxide  surface  are 
represented  below: 


Analysis  of  the  ratio,  r ,  of  the  number  of  protons  released  from  the  interface  to  the  number 
of  cations  adsorbed,  indicates  that  either  a  bidentate  complex  formation  or  a  surface  induced 
hydrolysis  mechanism  is  the  dominant  mode  of  adsorption  for  these  metal  ions  at  the 
rutile/water  interface/72,84*  As  the  pH  of  the  suspension  is  increased,  the  value  of  r 
increases  from  1.56  for  pH  6.5,  to  1.96  for  pH  9.  If  the  interaction  is  dominated  by  a 
monodentate-type  complex  formation,  then  r  will  be  close  to  1 .  However,  r  will  be  close 
to  2  if  the  interaction  is  bidentate  or  surface-induced  hydrolysis  complex  dominated.'84' 

Initial  studies  of  the  electrophoretic  behavior  for  aqueous  suspensions  of 
commercial  lots  of  BaTi03  have  been  performed  by  Adair  et  al.(49)  in  the  late  seventies  to 
early  eighties.  Substantial  differences  in  the  electrophoretic  behavior  were  determined  for 
various  lots  of  commercial  BaTiO,  powders  and  BaTi03  powders  as  a  function  of  solids 
loading  (Figure  2. 18  and  2. 19  respectively).  At  a  relatively  low,  constant  solids  loading, 
the  isoelectric  point  (IEP)  for  certain  lots  of  powder  ranged  from  pH  6  to  pH  10.  The  IEP 
is  defined  as  the  pH  at  which  the  charge  on  the  solid  promoted  from  all  sources  is  zero.(47) 
That  is,  the  adsorption  of  positively  charged  species  equals  the  adsorption  of  negatively 
charged  species  at  the  particle  surface  ( r+  =  r  ).(52)  However,  other  samples  did  not  exhibit 
an  IEP,  exhibiting  uniform  positive  charge  over  the  entire  pH  range  examined.  The  IEP  as 


(a)  Monodentate  complex 


(b)  Bidentate  complex 


(c)  Surface-induced  hydrolysis  complex 
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Figure  2.18.  Particle  electrophoresis  data  for  various  lots  of  commercial  BaTi03  powder 
that  shows  variation  in  lot  to  lot  behavior  as  well  as  the  powder  supplier.'49' 
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Figure  2.19.  Electrophoretic  behavior  for  three  BaTi03  suspensions  at  different  solids 
loading/49' 
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a  function  of  solids  loading  also  shifted  from  a  pH  value  of  approximately  5,  to  8,  to  a 
consistently  positive  zeta  potential  (no  IEP)  for  5g/l,  20g/l,  and  200  g/1  respectively 
(Figure  2. 19).  The  amount  of  acid  or  base  required  to  achieve  a  particular  pH  for  the 
various  BaTi03  suspensions  was  also  inconsistent  as  a  function  of  lot  and  solids  loading. 

In  summary,  current  knowledge  concerning  the  BaTi03-H20  interface  indicates 
that:  (1)  at  low  solids  loading,  the  IEP  is  similar  to  that  of  Ti02,  and  with  increased  solids 
loading,  the  IEP  shifts  towards  a  more  alkaline  pH,  (2)  the  concentration  of  Ba2+(aq) 
increases  with  increasing  solids  loading  or  a  decrease  in  suspension  pH,  and  (3)  Pristine 
Ti02  in  BaN03  solution  shows  that  Ba2+  ions  adsorb  onto  the  Ti02  surface  well  below  the 
IEP,  causing  the  magnitude  of  the  charge  to  become  more  positive.  However,  in  some 
cases  where  the  concentrations  are  large  enough,  the  adsorption  of  Ba2+  ions  reverses  the 
charge  of  alkaline  suspension  of  Ti02  so  that  the  electrophoretic  mobility  is  consistently 
positive. 

2.4.4.  Electrophoretic  Behavior  of  Calcium  Oxalate  Monohydrate 

The  surface  charge  imparted  to  the  passivated  BaTi03  particle  surface  must  be 
determined  to  consider  the  additive  as  a  possible  passivating  agent.  From  the  section 
entitled  "Feasibility  of  Passivating  Barium  Titanate"  (2.3.3),  the  addition  of  oxalate  ions  to 
aqueous  BaTi03  suspensions  was  considered  a  potential  candidate  to  passivate  the  surface 
and  minimize  the  concentration  of  Ba2+  in  solution  based  upon  the  solubility  data  for  BOM 
and  CaC204H20  (COM).(17,64,65)  There  are  no  published  studies  to  date  on  the 
electrophoretic  behavior  for  BOM.  Since  the  solubility  of  BOM  and  COM  are  similar,  the 
electrophoretic  behavior  of  the  biological  compound  COM  is  expected  to  be  similar  to  BOM 
and  has  been  well  documented.'64,73'  Figure  2.20  shows  the  electrophoretic  behavior  for 
COM.  The  importance  of  the  COM  electrophoretic  behavior  to  the  aqueous  processing  of 
BaTi03  is  the  relatively  constant  surface  charge  over  the  pH  range  from  ~pH  4  to  pH  10. 
This  is  advantageous  for  the  aqueous  processing  of  BaTi03  because  MLC  manufacturers 
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Figure  2.20.  Both  the  theoretical  and  experimental  electrophoretic  behavior  of  COM  are 
illustrated  and  a  relatively  constant  charge  is  depicted  over  the  pH  range  from  pH  4  to 
pH  10.(64) 
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would  have  a  large  working  pH  range  where  the  concentration  of  Ba2+  is  reduced  and  the 
dispersion  is  most  likely  favorable. 

2.5.  Binder 

Little  information  has  been  published  on  binder/dispersant  interactions  and 
binder/particle  interactions.  This  is  probably  due  to  highly  competitive  technical  ceramics 
industry  where  divulging  information  could  compromise  advantages  over  market 
competitors.  The  polymer  chosen  to  add  plasticity  and  strength  to  the  green  tapes  must 
meet  several  requirements  that  have  generally  been  overlooked  in  the  MLC  industry.  The 
aqueous  solubility  of  the  polymer,  the  rheological  behavior  induced  by  adding  a  particular 
polymer,  the  crosslinking  of  the  polymeric  additives  due  to  the  presence  of  soluble  ions,  an 
increase  in  the  solubility  of  the  particle  due  to  the  formation  of  complex  polymer/ion 
species,  and  the  interactions  between  other  polymeric  additives  need  to  be  addressed  before 
thin  (<  5  um)  ceramic  tapes  can  be  reproducibly  cast  in  an  industrial  environment. 
2.6.  Variations  in  the  Ba:Ti  Ratio  on  Sintering  of  Barium  Titanate 

The  importance  of  addressing  the  incongruent  dissolution  and  instability  of  BaTi03 
will  be  emphasized  by  review  of  the  literature  on  the  sintering  of  BaTi03.  The  Ba:Ti  ratio 
influences  the  microstructure  of  the  fired  ceramic.  Variations  in  the  grain  size 
(i.e.,  abnormal  grain  growth)  as  well  as  the  average  grain  size  affect  the  dielectric 
properties  of  the  BaTi03  body.  These  issues  will  be  addressed  to  strengthen  the 
importance  of  understanding  the  surface  chemistry  issues  in  aqueous  MLC  production. 

Anderson  and  coworkers'35'  investigated  the  surface  chemistry  effects  on  ceramic 
processing  of  BaTi03  powder.  They  determined  that  milling  of  BaTiO,  powder  in 
deionized  water  results  in  the  dissolution  of  Ba2+  ions  from  the  surface.  The  amount  of 
barium  that  dissolved  from  the  particle  surface  was  found  to  be  strongly  dependent  on  the 
milling  pH.  As  the  solution  pH  became  more  acidic,  significantly  more  barium  was 
leached  from  the  powder.  They  also  proposed  a  model  that  barium  dissolves  from  the 
surface  of  the  BaTi03  particle  under  aqueous  conditions,  and  redeposits  onto  the  surface 
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upon  drying  leaving  a  stoichiometric  BaTi03  core,  encompassed  by  a  Ti-rich  layer, 
circumvented  by  a  Ba-rich  surface  layer  (Figure  2.6  already  shown).  This  Ba2+  leaching 
was  found  to  affect  the  properties  of  the  BaTi03  powder,  specifically  the  amount  of 
exaggerated  grain  growth  which  occurred  during  sintering.  Thus,  the  results  from 
sintering  studies  which  incorporated  wet  milling  are  questionable  because  they  may  have 
altered  the  Ba:Ti  ratio  at  the  surface  making  their  results  insignificant.  The  type  of  binder 
used  to  prepare  BaTi03  green  bodies  was  also  found  to  affect  the  amount  of  exaggerated 
grain  growth  which  occurred  during  sintering.  An  aqueous  PVA  binder  appeared  to  leach 
out  a  significant  amounts  of  Ba2+  whereas  a  non-aqueous  binder  reduced  the  amount  of 
exaggerated  grain  growth.  Several  other  studies  were  performed  on  the  sintering  of 
various  BaTi03  formulations  to  determine  the  effect  excess  Ba  and  excess  Ti  have  on  the 
final  microstructure.'89"95'  However,  the  validity  of  these  studies  is  questionable  based  on 
the  findings  on  Anderson  and  coworkers. 

The  microstructure,  grain  size  and  porosity,  affect  the  dielectric  properties  of 
sintered  BaTi03  ceramics.  The  dielectric  loss  is  increased  by  porosity  due  to  the  creation  of 
additional  surfaces  that  contain  a  high  concentration  of  defects.  These  defects,  along  with 
moisture  that  can  condense  into  the  pores,  may  contribute  to  leakage  currents.  In  an  effort 
to  improve  the  electrical  properties  of  the  MLC  ,  sintering  studies  have  been  done  to 
determine  optimum  dielectric  properties  as  a  function  of  stoichiometry  of  the  powder, 
microstructure  of  the  sintered  body,  firing  temperature,  firing  schedule  for  removal  of 
additives,  particle  size,  particle  size  distribution,  and  various  dopants  to  suppress  abnormal 
grain  size. 

The  influence  of  stoichiometry,  Ba:Ti  ratio,  on  the  microstructure  was  investigated 
by  several  different  researchers.  Lin  and  Hu(36)  and  Kulcsar(89)  found  that  fine-grain 
microstructures  are  obtained  for  Ba-rich  and  stoichiometric  BaTi03  ceramics.  Several  other 
investigators06,89,90'  also  found  that  Ba-rich  BaTi03  samples  provide  a  fine  grain  size  with 
BaO  acting  as  a  grain  size  refiner  and  forming  a  second  phase  identified  as  barium 
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orthotitanate,  Ba^iC^.  The  grain  size  of  Ba-rich  and  stoichiometric  samples  increases 
slowly  with  temperature  and  time,  but  is  still  smaller  than  4|im  even  after  sintering  at 
1350°C  for  sixteen  hours.  Although  Ba-rich  and  stoichiometric  BaTi03  samples  have 
similar  grain  size,  the  density  of  the  barium-rich  samples  are  generally  higher,  resulting 
from  the  modification  defect  chemistry  of  the  excess  Ba2+.(36) 

The  sintering  of  barium  titanate  based  materials  is  normally  performed  with  a  small 
excess  of  Ti02  (Ba:Ti  atomic  ratio  <  1)  as  a  sintering  aid.  The  excess  Ti02  (1  to  3  mole 
percent)  reacts  with  BaTi03  to  form  what  was  originally  thought  to  be  BaTi307  but  later 
confirmed  by  microprobe  analysis  to  be  Ba6Ti17O40.(89,91  %97)  This  second  phase,  which 
forms  a  eutectic  melt  between  1312°C  and  1320°C  with  BaTi03,  is  present  in  the  grain 
boundaries  and  triple  point  regions/91'96,97'  The  liquid  phase,  however,  not  only  promotes 
densification  of  the  polycrystalline  ceramic  at  lower  temperatures  but  also  gives  rise  to 
pronounced  abnormal  grain  growth  through  solution-segregation.06'91"93,96"98'  This 
abnormal  grain  growth  of  BaTi03  is  difficult  to  control  by  simple  variations  of  sintering 
temperature,  sintering  time,  or  modification  of  the  chemical  composition.'9"  The 
microstructure  of  BaTi03  materials  is  significantly  influenced  by  the  Ba:Ti  ratio.  As  the 
composition  moves  from  Ti02  excess  to  BaO  excess,  the  amount  of  enclosed  porosity 
seems  to  increase,  the  grain  texture  changes,  the  scale  of  the  domain  pattern  becomes  finer, 
and  the  grain  size  becomes  smaller.'36' 

The  average  grain  size  of  the  sintered  BaTi03  substrate  influences  the  magnitude  of 
the  dielectric  constant  and  loss.  The  optimum  grain  size  for  producing  the  largest  dielectric 
properties  in  a  relatively  uniform  structure  is  approximately  1  um  in  diameter. (35,36) 
Kinoshita  and  Yamiji'94'  showed  that,  as  the  grain  size  of  the  unmodified  BaTi03  decreased 
from  an  average  size  of  53  um  to  1.1  um,  the  dielectric  constant  increases  approximately 
five  fold.  Shaikh  et  al.(100',  however,  have  determined  that  unmodified  BaTi03  with  grains 
smaller  than  0.4  |im  exhibited  a  decrease  in  the  dielectric  constant,  possibly  due  to  stresses 
within  the  structure.     Many  researchers  have  concluded  that  abnormal  bimodal 
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microstructures  or  large  grained  microstructures  produce  low  dielectric  properties  because 
large  grain  ceramics  can  form  90°  twin  states  much  more  easily  than  fine  grain 

ceramics/94,100* 

Firing  temperature  and  schedule  are  critical  in  producing  uniform,  fine  grained 
microstructures,  which  ultimately  affect  the  dielectric  properties  of  the  substrate,  and  less 
importantly,  the  cost  of  production.'95"100  Dopants  have  been  used  to  tailor  the  curie 
temperature,  suppress  abnormal  grain  growth,  and  lower  the  sintering  temperature  of  the 

sample/36'93'98' 

Although  several  of  these  studies  have  provided  vital  information  in  improving  the 
electronic  properties,  the  powders  in  these  studies  were  generally  wet  milled,  dried,  and 
uniaxially  pressed  into  right  hand  cylinders  with  atmospheric  water  present  within  the 
compact.  A  sintering  study  by  Anderson  and  coworkers'35'  may  question  the  validity  of  the 
previous  sintering  studies  because  they  determined  that  BaTi03  is  unstable  in  aqueous 
conditions  (i.e.  wet  milling),  which  affects  the  grain  size  and  uniformity  of  the  final 
microstructure.  The  instability  of  BaTi03  in  aqueous  environments  is  one  of  the  difficulties 
plaguing  aqueous  tape  casting  and  will  be  discussed  in  more  detail  in  a  following 
section.'33' 

2.1.  Characterization  Techniques 

2.7.1.  Solution  Chemistry 

The  concentration  of  soluble  species  in  the  sample  supernatant  may  be  detected  by 
inductively  coupled  plasma  spectroscopy.  The  supernatant  is  atomized  via  argon  plasma 
excitation  and  sustained  by  inductive  coupling  to  a  radio-frequency  electromagnetic 
field.'102'  Detection  limits  for  most  elements  are  generally  in  the  parts  per  billion  regime. 
However  this  limit  is  dependent  on  the  instrument  model  as  well  as  the  specific  ion  being 
determined.  Experimentally  determined  concentrations  can  corroborate  theoretical  stability 
diagrams. 
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2.7.2.  Surface  Charge  Analysis 

Solid  oxides  in  aqueous  suspension  are  electrically  charged  and  may  be  observed 
most  directly  by  electrokinetic  measurements.'83'  As  a  result  of  the  charge  on  their  surfaces, 
colloidal  particles  immersed  in  water  can  move  via  an  electrical  potential  gradient  as 
depicted  in  Figure  2.21.  The  electrophoretic  mobility,  /iE,  is  defined  as  the  particle  velocity 
per  unit  static  electric  field.  It  can  be  determined  by  measuring  the  electrical  potential  at  the 
plane  of  shear  surrounding  the  particle.  The  shear  plane  is  defined  as  the  boundary 
between  the  bulk  solution,  where  the  ions  are  free  to  move,  and  the  inner  layer  of  strongly 
adsorbed  ions  which  move  with  the  particle  under  the  influence  of  the  applied  field.  The 
zeta  potential  is  calculated  from  the  experimentally  determined  electrophoretic  mobility 
according  to  the  Smoluchowski  equation, 

^  =  lt  [2A3] 
whereby  r\  represents  the  viscosity  of  the  solution  (/7water=  1  cP=  1  x  10"3  Kg/Msec),  k 
represents  the  dielectric  constant  of  the  solution  (£water  =  79.9),  and  £0  represents  the 
permittivity  of  free  space  (8.854  x  10"12F/m)/68' 

Electrophoresis  measurements  offer  a  convenient  method  to  study  the  double  layer 
properties  for  a  particle  under  specific  solution  conditions/67'  In  the  absence  of  strongly 
absorbing  species  other  than  protons,  the  pH  of  the  solution  will  determine  the  magnitude 
and  polarity  of  the  surface  charge,  and  thus  the  stability.  The  adsorption  of  most  soluble 
ions  from  water  onto  the  oxide  surface  is  relatively  fast.(7l)  Changes  in  the  polarity  of  the 
zeta  potential  as  a  function  of  salt  concentration  are  useful  in  evaluating  chemical  adsorption 
of  ionic  species  at  the  particle  surface.'68,72'  Electrokinetic  experiments  have  long  been 
known  to  provide  a  clear  demonstration  of  the  specific  adsorption  of  nonhydrolyzing 
multivalent  ions  on  oxides  from  aqueous  solutions/70' 
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a.    ELECTROPHORESIS  MEASUREMENTS 


47ir||i 


H  =  P£V) 
time 


P(V)  =      Graticle  distance 


AppliedVoltage  / 1 


LEGEND: 

£  =  Zeta  Potential  (mV)    ti=  Viscosity  (NmA-2  s)    Icd  =  Dielectric  constant  of  medium 

Eo  =  Permittivity  of  free  space  =  8.854  x  10A-12  FmA-i    time  =  time  to  traverse  one  graticle  unit 

|i  =  Electrophorectic  mobility  ((um/sec)/(V/cm))    1  =  cell  constant  (cm) 

b.     ELECTROPHORETIC  BEHAVIOR 
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Figure  2.21.  (a.)  Schematic  representing  the  particle  movement  in  an  applied  electric  field 
to  determine  the  electrophoretic  mobility,  (b.)  The  electrophoretic  mobility  can  be  plotted 
as  a  function  of  pH  or  used  to  calculate  the  zeta  potential  and  plotted  as  a  function  of  pH. 
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2.7.2. 1 .  Light  Scattering  Techniques 

Light  scattering  techniques003'  to  determine  the  electrophoretic  mobility  require  low 
concentration  suspensions  that  are  optically  transparent  with  ionic  strengths  below  0.0 1M. 
Samples  that  are  higher  in  concentration  than  permissible  for  detection  by  the  instrument 
have  to  be  reconstituted  by  sequestering  a  small  amount  of  sediment  and  redispersing  the 
sediment  in  the  supernatant.  The  monochromatic  light  source  is  split  to  provide  a  reference 
beam  and  a  sample  detection  beam.  The  shift  in  frequency  of  the  sample  light  source  with 
respect  to  the  reference  beam  determines  the  magnitude  and  polarity  of  the  charge  at  the 
particle  surface.  Variations  in  the  output  from  the  a  light  scattering,  electrophoretic  mobility 
measuring  instrument  can  be  used  to  discern  whether  the  particles  are  similarly  charged  or 
two  differently  charged  particles  are  present  in  solution.  A  single  narrow  peak  output  is 
indicative  of  a  suspension  with  similarly  charged  particles,  whereas  a  multipeak  output 
describes  suspensions  with  two  or  more  differently  charged  particles  in  suspension,  where 
each  peak  describes  a  specifically  charged  particle.003'  In  general,  the  electrophoretic 
characterization  of  BaTiO,  suspensions  with  various  passivating  agents  was  used  to 
determine  whether  the  association  of  the  dissolved  Ba2+  ion  after  leaving  the  BaTi03  particle 
surface  forms  either  a  passivation  layer  at  the  particle  surface  (single  peak  output)  or  a 
barium  precipitate  with  a  different  surface  charge  than  the  incongruently  dissolved  BaTi03 
(multiple  peak  output). 

2.7.2.2.  Electroacoustic  Analysis 

In  contrast  to  the  light  scattering  technique  to  determine  the  electrophoretic  mobility 
of  low  concentration  suspensions,  electroacoustic  methods  use  the  interaction  of  electric 
fields  and  sounds  waves  to  deduce  the  charged  particles  in  highly  concentrated 
suspensions.004'  Other  advantages  of  electroacoustic  characterization  include  the 
measurement  of  stirred  samples  to  reduce  settling  or  analyze  viscous  samples,  and  the 
continuous  determination  of  charge  over  a  wide  pH  range  via  an  automated  titrator.  The 
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electroacoustic  analyzer  was  used  in  the  current  research  to  confirm  or  refute  the  surface 
charge  determined  at  lower  solid  concentrations. 
2.7.2.3.  Sedimentation  analysis 

Sedimentation  analysis  in  conjunction  with  surface  charge  determination  can 
provide  insight  to  the  stability  of  a  suspension.  Figure  2.22  shows  the  recorded  sediment 
heights  for  various  suspensions  as  denoted  by  the  arrows.  The  sediment  height  was 
recorded  for  the  opaque  region  in  the  test  tube.  The  opacity  region  was  determined  by 
visual  inspection  through  the  test  tube  where  a  finger  could  not  be  visually  discerned,  as 
also  depicted  in  Figure  2.22.  Highly  agglomerated  or  poor  dispersion  suspensions 
displayed  a  sedimentation  behavior  similar  to  that  shown  in  Figure  2.22  (a)  where  the 
sediment  height  was  easily  discerned  from  the  supernatant.  As  the  dispersion  improved, 
the  sediment  height  was  harder  to  determine.  Figure  2.22  (b)  and  2.22  (c)  show  variations 
of  improved  dispersion  where  fine  particles  remained  in  suspension  and  the  larger, 
agglomerate  particles  settled.  Lastly  Figure  2.22  (d)  illustrates  a  well  dispersed  suspension. 
2.7.3.  Particle  Observation 
2.7.3.1.  Scanning  Electron  Microscopy 

The  most  common  operation  of  the  scanning  electron  microscope  (SEM)  uses 
emission  of  secondary  electrons  to  provide  two-dimensional  images  of  particle 
characteristics  such  as  size  and  morphology,  and  pseudo-tape  characteristics  such  as 
uniformity,  the  presence  of  agglomerates,  voids,  and  other  defects  within  the  cast  pseudo- 
tapes.(102)  Surface  features  are  discerned  by  the  yield  of  electrons  that  reach  the  detector. 
Features  projected  toward  the  detector  are  brighter  or  more  white  than  features  facing  away 
from  the  detector.  Hence,  imaging  an  atomicly  flat  sample  would  provide  no  detail  or  an  all 
white  image  due  to  lack  of  contrasting  electron  yield  to  the  detector.  In  addition  to  particle 
electrophoresis  and  sedimentation  studies  at  low  solids  loading,  dispersion  of  the  various 
slurry  formulations  (high  solids  loading)  in  the  current  research  was  assessed  via 
rheological  properties   in  conjunction   with   SEM   analysis   of  the  pseudo-tapes. 
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Figure  2.22.  Schematic  showing  variations  in  the  sedimentation  of  the  suspensions  and  the 
sediment  height  recorded  in  the  sedimentation  analysis.  Finger  shows  variations  in  the 
transparency  of  the  suspensions. 
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Figure  2.23  (a.)  and  2.23  (b.)  and  shows  the  contrast  between  a  good  and  a  bad  dispersion 
of  the  BaTi03  particles,  respectively. 
2.7.3. 1 .  Transmission  Electron  Microscopy 

Transmission  electron  microscopy  (TEM)  is  used  to  obtain  information  from 
specimens  that  allow  the  transmission  of  electrons.  Electrons  thermionically  emitted  from 
the  gun  are  accelerated  by  a  high  voltage  bias  (100  kV-  800  kV),  projected  on  to  the 
specimen  by  means  of  a  lens  system,  and  scattered  as  the  electrons  transverse  through  the 
specimen.002'  Elastic  scattering  of  the  electrons  provides  a  diffraction  pattern  of  the 
material,  whereas  inelastic  interactions  between  beam  and  matrix  electrons  provide  images 
of  the  particle  geometry,  and  at  higher  magnifications  the  lattice  fringes.  In  the  current 
research,  the  inelastic  scattering  mode  can  be  used  to  image  layers  present  on  the  particles 
surface  (i.e.  amorphous  regions  and  deposited  layers). 
2.7.4.  Viscosity 

The  cone/plate  viscometer  is  a  precise  torque  meter  that  is  driven  at  discrete 
rotational  speeds.(I05)  The  torque  is  measured  via  a  calibrated  beryllium  copper  spring 
which  is  connected  to  a  drive  mechanism  that  rotates  the  cone.  The  spring  senses  the 
resistance  generated  by  the  sample  fluid  between  the  rotating  cone  and  a  stationary  flat 
plate.  The  accuracy  of  the  instrument  in  guaranteed  to  be  within  1%  of  the  full  range 
employed  with  sample  replication  within  0.2%  of  the  full  scale.  Figure  2.24  shows  a 
schematic  of  the  cone/plate  viscometer  with  the  variables  in  the  following  mathematical 

expressions  defined.  The  ratio  of  (cor)  and  the  gap  width  (Q  is  a  constant  for  any  value  of 

(r)  due  to  the  angle  between  the  flat  plate  and  the  bevel  on  the  cone.  The  shear  stress  and 
shear  rate  are  defined  respectively  as, 


Shear  Stress  (dynes/cm2)  = 


T 


2/3nr3 


and, 


[2.14] 


Shear  Rate  (sec  )  = 


CO 


sine 


[2.15] 


Figure  2.23.  Scanning  electron  micrographs  of  the  particle  packing  within  the  hand  cast 
pseudo-tapes  showing  the  difference  between  (a.)  good  dispersion  and  (b.)  bad  dispersion. 
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The  mathematical  expressions  for  the 
cone/plate  viscometer  are: 

,  T 

Shear  Stress  (dynes/cm  )  =  - 

2/3nr3 

Shear  Rate  (sec1)  = 

sine 

Viscosity  (CP)  =  (Shear  S,ress)(100) 
Shear  Rate 

Where: 

T  =  %  Full  Scale  Torque  (dynecm) 
r  =  Cone  Radius  (cm) 
CO  =  Cone  Speed  (rad/sec) 
6  =  Cone  Angle  (degrees) 

Cone  Radius  for 
CP40  =  2.4  cm 
CP52  =  1.2  cm 


Figure  2.24.  Schematic  showing  the  various  components  and  mathematical  variables  for 
the  cone/plate  viscometer  and  the  corresponding  mathematical  expressions  to  determine  the 
shear  stress,  shear  rate,  and  viscosity/  5) 
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where  T  represents  the  percent  of  full  scale  torque  in  dynes/cm2,  r  represents  the  cone 
radius  (cm),  co  represents  the  cone  speed  (rad/sec),  and  0  represents  the  cone  angle 
(degrees).  The  two  cones  used  in  the  current  research  were  CP40  and  CP52  with  cone 
radii  of  2.4  cm  and  1.2  cm,  respectively.  The  viscosity  of  the  fluid  is  calculated  according 
to, 

ir      -t  <     t  T3  •   »    (Shear  Stress)(  100)  non 

Viscosity  (centiPoise)  =   [2. 1 6].(  } 

Shear  Rate 

2.8.  Chapter  Summary 

With  the  demand  of  the  market  to  produce  of  smaller  and  lighter,  yet  better 
electronic  equipment  in  conjunction  with  increasing  governmental  regulations  concerning 
the  use  of  hazardous  materials,  the  MLC  industry  has  to  produce  smaller  capacitors  with 
higher  capacitance  via  a  more  environmentally  benign  process.  As  observed  in  equations 
2.1  and  2.2,  the  MLC  industry  must  reduce  the  thickness  of  the  ceramic  layers  in  order  to 
increase  the  capacitance  of  a  MLC.  By  changing  the  nonaqueous  production  of  MLCs  to 
an  aqueous  scheme  is  the  easiest  method  to  circumvent  the  environmental  restrictions. 
However,  the  most  prolific  metal  oxide  used  in  the  production  of  MLCs  is  BaTi03  and  the 
ability  to  produce  thinner  ceramic  layers  relies  on  knowledge  of  the  solution  chemistry 
associated  with  the  aqueous  BaTi03  MLC  process  and  the  use  of  a  smaller  particle  size  to 
accommodate  variations  in  the  particle  packing. 

A  summary  of  the  solution  chemistry  associated  with  the  aqueous  BaTi03  MLC 
production  is  shown  in  Figure  2.25.  In  particularly,  the  solubility  of  the  BaTi03  surface  in 
water  needs  to  be  addressed  to  eliminated  problems  with  dispersion  and  sintering.  The 
incongruent  dissolution  of  the  BaTi03  particle  surface  introduces  excessive  amounts  of 
Ba2+  in  solution  which  alters  the  surface  and  consequently  the  electrostatic  dispersion.  The 
addition  of  polymeric  dispersants  and  binders  can  associate  the  soluble  Ba2+  and  phase 
separate  compromising  the  success  of  the  process.    After  the  solubility  of  the  BaTi03 
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Figure  2.25.  A  summary  of  various  interactions  that  can  take  place  BaTi03  particles, 
water,  and  polymeric  additives. 
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particle  is  reduced,  the  polymeric  additives  can  be  tailored  to  optimize  the  dispersion  of  the 
slurry  as  well  as  the  rheological  properties  of  the  slurry. 

Presently,  the  MLC  industry's  poor  understanding  of  the  solution  chemistry 
associated  with  the  aqueous  processing  of  BaTi03  MLCs  suppresses  the  successful 
production  green  ceramic  layers  <  5  urn  thick  and  fired  layers  <  3  urn. 


CHAPTER  3 

CHEMICAL  PASSIVATION  OF  THE  BaTi03  PARTICLE  SURFACE 
VIA  OXALIC  ACID  ADDITIONS 

3.1.  Introduction 

The  increasing  demand  for  environmentally  benign  manufacturing  processes 
dictates  the  need  to  develop  aqueous  processing  schemes  for  a  variety  of  materials 
including  the  manufacture  of  BaTi03-based  multilayer  capacitors.  Perovskite  materials 
such  as  BaTi03(s)  undergo  incongruent  dissolution  in  aqueous  solutions.0718'  Incongruent 
dissolution  leads  to  processing  problems  such  as  agglomeration  of  the  BaTi03  particles, 
crosslinking  of  polymer  additives  (e.g.,  dispersants  and  binders)  during  slurry 
formulation,  and  abnormal  grain  growth  during  the  sintering  of  the  ceramic.(35)  To  satisfy 
environmental  constraints  and  still  maintain  the  same  level  of  product  quality  as  non- 
aqueous processing  schemes,  it  will  be  demonstrated  that  surface  reactions  which 
compromise  the  processing  and  ultimate  electronic  properties  of  sintered  BaTi03  ceramics 
must  be  eliminated  or  minimized  during  aqueous  processing. 

To  a  first  approximation,  the  dissolution  reactions  associated  with  BaTi03  may  be 
understood  in  terms  of  the  solubility  of  the  individual  metal  oxide  components,  BaO(s)  and 
Ti02(s).  It  has  been  shown  that  BaTi03(s)  in  the  Ba-Ti-C02-H20  system  undergoes 
incongruent  dissolution  below  pH  -13,  with  the  concentration  of  Ba2+(aq)  dependent  on  the 
concentration  of  dissolved  C02  in  the  solution.04,15'17,19,41,42*  The  concentration  of  Ba2+(aq) 
derived  from  the  BaO(s)  component  is  large  (as  high  as  0.1M)  and  depends  upon  the 
surface  area  of  BaTi03  exposed  to  aqueous  solution  below  about  pH  12.  In  contrast, 
Ti02(s)  is  only  sparingly  soluble  over  the  pH  range  from  pH  3  to  pH  io.(2052'53)  The 
overall  stoichiometric  chemical  reaction  describing  the  dissolution  of  BaTi03(s)  is  given  by, 
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BaTi03(s)  +  H20  ^  Ba2+(aq)  +  20H"(aq)  +  Ti02(s)  [3.1] 

However,  the  incongruent  dissolution  of  Ba2+  is  kinetically  hindered  by  the 
formation  of  a  diffusion  barrier  of  Ti02  and/or  of  the  metal  salt  BaC03,  which  is  normally 
present  on  the  surfaces  of  BaTi03  particles  as  depicted  in  Figure  3.1.  It  has  been 
demonstrated  that  most  commercial  BaTi03  powders  have  a  BaC03  surface  layer  that  forms 
during  storage  of  the  powder  or  during  slurry  formulation.09'  Whether  Ti02-rich  or  BaC03 
passivation  layers  are  present  on  the  BaTi03  particle  surface  depends  on  the  environment  to 
which  the  powders  are  subjected  during  and  subsequent  to  synthesis.'42' 

The  aqueous  processing  of  multicomponent  ceramics  may  lead  to  the  formation  of 
depleted  surface  layers,  deposition  of  other  metastable  phases  either  from  saturated  solution 
or  via  crystallization  of  surface  films,  readsorption  of  the  dissolved  species,  and  diffusion 
of  the  species  through  these  layers. <37'61,72'84'  The  presence  of  BaC03  on  the  surface  or  a 
change  in  the  Ba:Ti  ratio  due  to  incongruent  dissolution  of  the  surface  in  aqueous  solution 
can  adversely  affect  sintered  microstructures  (e.g.,  exaggerated  grain  growth)  in  BaTi03 
and,  consequently,  lead  to  poor  dielectric  properties  such  as  low  dielectric  constant  and 
high  dielectric  loss  factor. (35,94) 

In  addition,  Ba2+(aq)  from  the  incongruent  dissolution  of  Ba2+  from  the  surface  of 
BaTi03  particles  can  interact  in  a  deleterious  manner  with  various  polymeric  additives/44,45' 
The  Ba2+  ions  present  in  solution  can  induce  gelation  of  the  polymeric  additives  via  a  salting 
out  mechanism  which  not  only  impairs  dispersion  of  the  BaTi03  particles,  but  also  leads  to 
holes  in  the  fired  tapes  because  of  regions  rich  in  the  salted-out  polymers.  Therefore  it  is 
important  to  minimize  the  leaching  of  the  Ba2+  ions  from  the  BaTi03  particle  surface,  not 
only  to  preserve  the  chemical  homogeneity  of  the  powder,  but  also  to  prevent  deleterious 
interactions  with  polymeric  dispersants. 

Understanding  the  above  fundamental  problems  associated  with  the  aqueous 
processing  of  BaTi03,  allows  one  to  design  a  solution  to  passivate  the  BaTi03  surface 
exposed  to  aqueous  solution  and  alleviate  the  incongruent  dissolution.  Passivation  of  metal 
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surfaces  has  been  documented  for  many  years/55"57'  Some  metal  surfaces  react  under 
particular  environmental  conditions  to  produce  a  thin  metal  oxide  passivation  layer  which  is 
relatively  inert  in  aqueous  solution.  The  formation  of  the  thin  passivation  layer  protects  the 
bulk  material  from  further  corrosion.  This  is  commonly  observed  for  titanium,  chromium, 
and  aluminum,  with  the  material  forming  a  thin  oxide  layer  that  prohibits  corrosion. 
Stainless  steel  does  not  rust  due  to  the  presence  of  chromium  which  forms  a  protective 
oxide  barrier  to  eliminate  the  corrosion  of  iron.(55)  In  principle,  the  passivation  of  BaTi03 
in  an  aqueous  environment  may  be  achieved  in  a  similar  manner,  in  that  a  surface  reaction 
may  be  induced  between  the  Ba2+  leaving  the  surface  of  the  particles  and  the  surrounding 
media  to  minimize  Ba2+  dissolution. 

The  basic  approach  in  the  current  work  is  to  create  a  surface  diffusion  barrier  that  is 
relatively  insoluble  yet  can  be  easily  removed  during  subsequent  processing  steps,  such  as 
binder  pyrolysis  and  firing.  The  ideal  situation  is  to  precipitate  a  simple  salt  with  the  Ba2+ 
ions  on  the  surface  of  the  suspended  BaTi03  particles.  The  spontaneous  formation  of  a 
stable  compound  on  the  surface  will  arrest  further  dissolution  and  minimize  variation  in  the 
Ba:Ti  ratio.  In  fact,  BaC03(s)  is  a  natural  passivating  agent  on  the  surface  of  the  BaTi03 
particles.09'  Unfortunately,  the  solubility  of  BaC03  varies  dramatically  with  solution  pH 
which  reduces  the  effectiveness  of  BaC03  as  a  passivating  agent.  Moreover,  working  in 
the  solution  pH  regime  where  BaC03  is  stable,  above  pH  9,  is  not  advantageous  because 
many  organic  additives  used  as  dispersants  and  binders  lose  effectiveness  in  alkaline  pH 
conditions.  Also,  the  presence  of  BaC03  can  cause  significant  sintering  problems.35 

There  are  several  sparingly  soluble  barium  salts  that  have  the  potential  to  produce  a 
passivation  layer  on  BaTi03.  A  suitable  passivating  agent  should  form  a  sparingly  soluble 
salt  with  the  leachable  Ba2+,  and  the  solubility  of  the  Ba  salt  should  be  relatively  insensitive 
to  changes  in  solution  pH.  The  Ba  salt  must  be  compatible  with  other  organic  additives 
such  as  dispersants  and  binders,  should  experience  clean  pyrolysis  during  the  organic 
burnout  and  sintering  processing  steps,  and  should  not  compromise  the  electronic 


66 

properties  of  the  ultimate  material.  Included  among  potential  anions  that  form  sparingly- 
soluble  barium  salts  are  S024~  as  BaS04(s),  P04"  as  Ba3(P04)2(s),  CO*-  as  BaC03(s), 

and  C204~  as  BaC204-H20(s)  (BOM).  The  solubilities  of  the  passivating  solids,  BaS04(s) 
and  BOM  are  relatively  insensitive  to  changes  in  solution  pH,  while  the  solubilities  of 
Ba3(P04)2(s)  and  BaC03(s)  vary  considerably  with  solution  pH  because  of  the  respective 
acid  dissociation  constants  for  H3P04  and  H2C03.  Thus  P04"and  C03"  were  rejected  as 
passivating  agents.  Both  acid  dissociation  constants  for  oxalic  acid  (H2C204)  occur  below 
pH  4.5  as  discussed  below,  thus  above  pH  4.5  the  solubility  of  BOM  is  independent  of 
solution  pH.(I7)  The  S04"  species  was  rejected  as  a  passivating  agent  because  of  the 
unfavorable  gaseous  products  produced  during  the  burnout  of  the  organic  additives  and 
sintering.  Also,  any  amount  of  P04"  or  S04~  that  remains  would  cause  sintering 
problems.  BOM  is  sparingly  soluble  with  the  solubility  relatively  constant  above  pH  4  and 
should  experience  relatively  clean  pyrolysis  and  leave  little  or  no  residue.(65)  Therefore, 
oxalic  acid  was  chosen  as  an  appropriate  passivating  agent.  Furthermore,  it  will  be  shown 
in  future  work  that  dispersant  and  binder  systems  may  be  developed  that  are  compatible 
with  the  oxalic  acid  passivation  scheme.  One  of  the  potential  drawbacks  in  using  oxalic 
acid  is  the  possible  formation  of  BaC03(s)  during  pyrolysis.  However,  this  limitation  is 
not  expected  to  have  any  more  impact  on  sintering  and  dielectric  properties  than  the  levels 
of  BaC03(s)  present  in  conventional  BaTi03  powders. 

A  schematic  diagram  of  the  proposed  effect  of  oxalic  acid  passivation  on  BaTi03  in 
aqueous  suspension  is  shown  in  Figure  3.2.  Aqueous  BaTiO,  suspensions  at  tape-casting 
solid  loading  levels  (i.e.,  20  to  357o)  are  self-buffering  to  approximately  pH  8  or  9.  Oxalic 
acid  is  fully  dissociated  ( pKa  =  1.23  and  pKaj  =  4.17)(106)  over  this  pH  range,  and  is  thus 

present  in  solution  as  C204~(aq).  Oxalic  acid  is  the  simplest  of  the  Afunctional  carboxylic 
acids  which  makes  it  easily  removable  during  firing  as  H20(g),  CO(g),  and  C02(g).(43)  It 
will  be  shown  in  the  present  study  that  C204"  ions  in  solution  associate  with  dissolving 
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Ba2+  ions  from  the  BaTi03  particle  surface  to  form  a  BaC204(s)  salt  on  the  BaTi03  particle 
surface.  The  thermodynamically  stable  form  of  barium  oxalate  at  298K  and  one 
atmosphere  is  the  monohydrate  (BaC204«H20),  a  relatively  insoluble  simple  salt 
(Ksp  =  1.6  x  10"7)(107)  which  can  passivate  the  BaTi03  surface  as  a  diffusion  barrier  against 
the  incongruently  dissolving  Ba2+  ions  from  the  bulk  of  the  particles. 

The  objective  of  the  current  work  is  to  confirm  the  hypothesis  that  the  incongruent 
dissolution  of  BaTi03  is  inhibited  by  precipitating  a  relatively  insoluble  salt,  such  as  barium 
oxalate,  onto  the  particle  surface  in  aqueous  solution.  The  experimental  results  will  also  be 
used  to  corroborate  or  refute  the  hypothesis  that  the  magnitude  and  polarity  of  the  surface 
charge  can  be  tailored  to  produce  a  relatively  constant,  uniform  electrostatic  potential  over  a 
wide  pH  range.  It  will  be  shown  in  additional  studies  that  formation  and  control  implied  by 
such  a  surface  state  can  be  used  to  promote  compatibility  with  organic  dispersants  and 
binders  for  manufacture  of  multilayer  capacitors  via  tape  casting  and  other  multilayer 
fabrication  schemes. 

3.2.  Approach 

Experiments  were  specifically  designed  to  test  the  hypothesis  that  the  incongruent 
dissolution  of  BaTi03  is  inhibited  by  forming  a  relatively  insoluble  salt  as  a  barium  oxalate 
on  the  particle  surface.  Solution  chemistry  analysis  by  inductively  coupled  argon  plasma 
(ICP)  spectroscopy,  in  concert  with  high  resolution  transmission  electron  microscopy 
(HRTEM),  was  used  to  determine  whether  oxalic  acid  minimizes  the  free  Ba2+ 
concentration.  Solution  chemistry  analysis  by  ICP  was  performed  on  the  supernatant  from 
BaTi03  suspensions  as  a  function  of  suspension  pH  to  determine  the  effect  of  various 
concentrations  of  oxalic  acid  on  the  concentration  of  free  Ba2+  ions  in  solution.  A  reduction 
in  the  amount  of  Ba2+(aq)  signifies  the  precipitation  of  the  aqueous  barium  ions  with  other 
ions  such  as  oxalate  in  solution.  However,  a  reduction  in  Ba2+(aq)  alone  does  not  confirm 
the  location  of  the  barium  salt  precipitate  as  a  passivation  layer  on  the  surfaces  of  BaTi03 
particles.    High  resolution  transmission  electron  microscopy  (HRTEM)  was  used  to 
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provide  visual  confirmation  of  the  phase  stability  diagram  proposed  by  Utech  et  al.  and 
others'14,41'  by  evaluation  of  the  lattice  fringes  at  the  surface  of  the  BaTi03  particles  after 
exposure  to  various  aqueous  pH  conditions  (acidic,  neutral,  and  alkaline).  HRTEM  also 
was  used  to  confirm  whether  a  BOM  layer  was  formed  on  the  BaTi03  particle  surface  in 
oxalate  containing  solutions.  Solution  chemistry  analysis  in  conjunction  with  HRTEM  was 
also  used  to  test  whether  a  surface  layer  of  BOM  exists  on  the  BaTi03  particles  exposed  to 
oxalic  acid. 

Based  upon  preliminary  data  confirming  that  oxalic  acid  reduces  the  concentration 
of  Ba2+(aq),  the  surface  charge  on  the  BaTi03  particles  in  deionized  water  was  assessed  to 
determine  changes  with  respect  to  suspension  pH  in  anticipation  of  dispersion  work  in  a 
following  paper.008'  Electrophoretic  behavior  was  initially  determined  for  aqueous  BOM 
and  aqueous  BaTi03  suspensions  at  the  same  solids  loading  as  standards  against  which  the 
oxalate-treated  BaTi03  powder  was  compared.  Suspensions  of  BaTi03  with  various 
concentrations  of  oxalic  acid  were  analyzed  via  electrophoretic  light  scattering  to  determine 
the  feasibility  of  producing  a  passivating  layer  of  the  sparingly  soluble  salt  on  the  surface  of 
the  particles,  as  well  as  to  monitor  surface  charge  on  the  particles  over  a  wide  pH  range. 
Electrophoretic  light  scattering  was  also  used  to  provide  additional  verification  that  the 
oxalate  was  present  as  a  BaC204  precipitate  on  BaTi03  particle  surfaces.  The  absence  of 
doublets  in  the  electrophoretic  mobility  distribution  at  a  particular  pH  and  oxalate 
concentration  for  an  aqueous  suspension  of  BaTi03  would  support  the  notion  that  the 
oxalate  is  interacting  only  at  the  BaTi03  particle  surface  and  that  BOM  precipitates  are  not 
formed  in  the  bulk  solution.  Commercial  BaTi03  tape  casting  production  uses  suspensions 
with  solids  loading  greater  than  20  volume  percent  (207o).  Therefore,  electroacoustic 
analysis  at  a  higher  solids  content  than  that  possible  with  electrophoretic  light  scattering 
(17o),  yet  significantly  lower  than  the  solids  loading  used  in  tape  casting  formulations  (20- 
257o),  was  conducted  to  ensure  that  the  particle  electrophoresis  results  may  be  extrapolated 
to  higher  solids  loading. 
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3.3.  Materials  and  Methods 

3.3.1.  General 

All  glassware  and  plasticware  were  washed  with  a  biodegradable  detergent1,  rinsed 
thoroughly  with  tap  water  to  remove  residual  soap,  and  subsequently  rinsed  several  times 

with  copious  quantities  of  deionized  water2  before  use.  Glassware  was  only  used  when 
the  solution/suspension  pH  value  of  the  contents  was  less  than  pH  8.5  to  minimize  soluble 
silica  contamination,  whereas  plasticware  was  used  over  the  entire  pH  range.  Unless 
otherwise  noted,  deionized  water  used  throughout  the  current  work  was  boiled  for 
approximately  ten  minutes  while  purged  with  nitrogen  to  minimize  dissolved  atmospheric 
gases,  particularly  C02,  present  in  solution.  Degassed  deionized  water  was  stored  in  glass 
bottles  with  rubber-lined  caps  under  a  nitrogen  atmosphere  until  required.  All  constituents 

were  weighed  to  four  decimal  places  using  an  analytical  balance3.   The  hydrothermally 

derived  BaTi03  was  supplied  by  Cabot  Performance  Materials  (Boyertown,  PA)4.  Bulk 
analysis  of  the  BaTi03  powder  by  the  supplier  showed  concentrations  of  C,  Sr,  Fe,  and  CI 
ranging  from  500-1 000  ppm,  400-800  ppm,  50-200  ppm,  and  1 00-300  ppm  respectively. 
Other  bulk  contaminants  included  Al,  Si,  Cr,  Ca,  and  Ni,  of  which  all  concentrations  were 
less  than  5  ppm.  Pure  BaC204-H20  was  precipitated  from  equal  volumes  of 
lMBaCl2.2H20  and  1MK2C204.H20  solutions,  washed  three  times  with  deionized  HzO 

using  0.22  um  nylon  filters5  to  collect  filtrate,  and  finally  separated  into  1  g/lOOml  aqueous 
suspension  for  the  electrophoretic  study.  X-ray  diffraction  was  used  to  confirm  the  BOM 
crystal  structure  and  phase  purity.  All  other  chemicals  used  throughout  this  study  are 
reagent  grade  and  were  used  without  further  purification. 


^parkleen,  Calgon  Vestal  Laboratories,  St.  Louis,  MS. 
2Resistivity  of  the  water  was  greater  than  10  Mega  ohms. 
3Fisher  Scientific,  model  A-250,  0.0001  g  readability. 

4Cabot  BT-08  and  BT-10  powders,  Cabot  Performance  Materials,  Boyertown,  PA. 
5Micron  Separation  Inc.,  135  Flanders  Rd.,  Westboro,  MA  01581. 
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3.3.2.  Barium  Titanate  Powder  Characterization 

The  as-received  BaTi03  powder4  was  characterized  in  terms  of  particle  size, 
morphology,  surface  topography,  specific  surface  area,  composition  and  phase  crystallinity 
to  provide  a  reference  state  for  comparison  with  experimentally  modified  particles.  As- 
received  BaTi03  powders  were  characterized  using  X-ray  diffractometry6  (XRD)  for  phase 
crystallinity;  scanning  electron  microscopy7  (SEM)  for  particle  size,  morphology  and 
topography;  gas  adsorption8  for  specific  surface  area;  and  a  centrifugal  sedimentation 

technique9  for  particle  size  distribution.  Figure  3.3(a)  shows  the  XRD  data  for  the  as- 
received  BaTi03  powder  compared  with  the  powder  diffraction  standard  for  the  tetragonal 
phase  and  the  cubic  phase  BaTi03  (JCPDS  cards  5-626  and  31-174  respectively). 
Experimental  XRD  indicates  that  the  powder  exhibits  the  cubic  phase,  a  finding  consistent 
with  previous  work  on  hydrothermally  derived  BaTiO3.(l09)  The  SEM  photomicrographs  of 
the  as-received  powders  in  Figure  3.3(b)  indicate  that  the  particles  are  equiaxed  and 
approximately  lOOnm  to  150nm  in  diameter  with  a  somewhat  irregular  topography.  A 
specific  surface  area  of  approximately  8  m2/g  was  determined  for  the  as-received  BaTi03 
powder  used  throughout  these  studies.  A  typical  cumulative  particle  size  distribution  by 
volume  for  the  powders  is  shown  in  Figure  3.4(a).  The  distribution  was  fit  to  a  log  normal 
probability  distribution  in  Figure  3.4(b)  to  give  a  log  normal  mean  equal  to  85  nm  with  a 

log  normal  standard  deviation  of  az  =  log  (27) 10. 


6Philips  Electronics  APD  3720  X-ray  diffractometer,  Cu-Ka,  40kV-20mA,  Mahwah,  NJ. 
7JEOL  JSM  6400  scanning  electron  microscope,  JEOL,  Boston,  MA. 
8BET  specific  surface  area 

9Horiba  CAPA-700  particle  size  analyzer,  Horiba,  Irvine,  CA. 
'0  Peakfit ,  Jandel  Scientific. 
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Figure  3.3.  (a)  X-ray  diffraction  patterns  for  the  as-received  BaTi03  powders  with  JCPDS 
X-ray  diffraction  standards  for  tetragonal  and  cubic  BaTi03,  respectively,  and  (b)  scanning 
electron  micrographs  of  the  as-received  BaTi03  powder. 
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Figure  3.4.  (a)  Cumulative  particle  size  distribution  and  (b)  log  normal  probability 
distribution  for  the  as-received  BaTi03  powder  from  Cabot  Corporation,  Boyertown,  PA. 
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3.3.3.  Barium  Titanate  Aqueous  Suspension  Preparation 

Stock  solutions  of  oxalic  acid11  (as  H2C204-2H20)  in  concentrations  of  10'2M, 
10"3M,  10  4M,  and  0  M  (deionized  water  as  a  control)  were  prepared  using  volumetric 
glassware  and  deionized  water.  Suspensions  of  BaTi03  (~10g/l  or  0.157o)  in  various 
concentrations  of  oxalic  acid  and  BOM  (~10g/l  or  0.1 57o)  in  deionized  water  were 
prepared  at  various  pH  values  (adjusted  using  0.01M  or  0.1M  tetraethylammonium 
hydroxide12  and  0.0 1M  or  0.1  M  HN0313)  and  allowed  to  equilibrate  for  24  hours.  The 
suspension  pH  was  readjusted  after  the  24  hour  equilibration  period  if  drift  from  the  initial 
pH  was  detected.  Initial  suspensions  that  were  too  high  in  solids  loading  to  permit  optical 
analysis  were  diluted  by  sedimentation  and  redispersion  of  a  smaller  quantity  of  solid  in  the 
decanted  supernatant  to  facilitate  electrophoretic  light  scattering  measurements.  The 
supernatant  of  aqueous  BaTi03  suspensions  at  various  concentrations  of  oxalic  acid  as  a 
function  of  suspension  pH  was  analyzed  to  determine  dissolved  Ti  and  Ba  concentrations 

in  solution  via  ICP14  spectroscopy  (wavelengths  336. 127  nm  and  233.527  nm 
respectively).  The  supernatant  was  obtained  by  filtration  of  the  BaTi03  suspensions 
through  0.22  um  using  nylon  filters.  Supernatants  were  acidified  with  nitric  acid  to  prevent 
the  formation  of  BaC03(s)  by  reaction  with  atmospheric  C02(g).  The  BaTi03  suspensions 
were  used  for  electrophoretic  mobility  and  ICP  spectroscopy,  whereas  the  BOM 

suspensions  were  used  only  in  the  electrophoretic  mobility  study15.  BaTi03  suspensions  at 
17o  solids  loading  (60g/l)  with  oxalic  acid  (3w/o  of  the  solid  or  1.5  x  10"2M)  present  in  the 
deionized  water  prior  to  addition  of  the  BaTiO,  powder  were  used  in  a  commercial 

electroacoustic  unit16.  Details  for  each  suspension  are  presented  in  Table  3.1.  The  pH  of 


1  'Oxalic  acid  -  Fisher  Scientific,  lot#  905504. 
12TEAOH  -  Tetraethyl  ammonium  hydroxide,  Kodak,  lot#  A15E. 
13HN03  -  Fisher  Scientific,  70  wt%  in  water,  lot#  905811. 
14Perkin-Elmer  P2  and  P2000,  Perkin-Elmer,  Norwalk,  CT. 

15Malvern  Zetasizer  lie  Analyser,  5mW  helium-neon  laser  (1  =  632.8  nm),  Worchester,  England. 
16Matec  8000  signal  receiver,  Matec  SSP-1  ESA  sample  cell  assembly,  and  Wavetek  -  model  23, 
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the  suspensions  for  electroacoustic  determinations  was  adjusted  dynamically  by  an 
automatic  titration  device17  provided  with  the  electroacoustic  apparatus  using  either 
0.1M  HN03  or  0.1M  TEAOH  solutions.  No  attempt  was  made  to  control  the  ionic 
strength  of  the  suspensions  by  the  addition  of  indifferent  electrolytes  such  as  NaCl  or  KC1. 


Table  3.1.  Summary  of  the  chemical  constituents  and  pH  ranges  used  for  analyzing  17o 
BaTi03  suspensions  via  electroacoustic  analysis. 


Suspension 

No  Oxalate 

3.0w/o  Oxalic  Acid 

Formulation 

Amount  of  Solids  (BaTi03) 

17o 

17o 

Oxalic  Acid  concentration* 

0.0w/o 

3.0w/o 

Oxalic  Acid  (M) 

0.0 

1.5  x  10-2 

pH  range 

2.4  -  9.5 

2.9  -  11.8 

added  in  weight  percent  of  the  solids,  BaTi03  powder 


3.3.4.  Preparation  and  Characterization  of  the  Various  Barium  Titanate  Powders  for  High 
Resolution  Transmission  Electron  Microscopy 

High  resolution  transmission  electron  microscopy  (HRTEM)18  was  used  to 
determine  the  nature  of  the  surface  on  BaTiO,  particles  after  exposure  to  various  aqueous 
pH  conditions  (acidic,  neutral,  and  alkaline:  specifically  pH  1.3,  pH  6.5,  and  pH  10.2, 
respectively)  and  after  treatment  in  ammoniated-water  plus  oxalic  acid  solution  (pH  7.5). 
As-received  BaTiO,  powders  (~5g  each)  were  suspended  in  -50  ml  of  either  glacial  acetic 


synthesized  function  generator. 
17Hamilton  -  Micro  Lab  900,  automated  titrator. 
18JEOL  JEM  4000FX,  JEOL,  Boston,  MA. 
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acid19  (pH  1.3),  deionized  water,  ammoniated  deionized  water  (pH  10.2),  or  10"'M  oxalic 
acid  solution  (pH  adjusted  to  pH  7.5  with  ammonium  hydroxide)  for  24  hours  to  determine 
the  effect  of  environment  on  the  particle  surface.  After  the  24  hour  equilibration,  the 
suspensions  were  centrifuged,  the  suspending  media  decanted,  and  the  powder 
resuspended  in  deionized  water  to  rapidly  dilute  and  wash  away  unreacted  salts  such  as 
excess  acetate.  The  particles  were  immediately  concentrated  via  centrifugation  and  the 
excess  deionized  water  was  removed  before  resuspending.  The  centrifugation, 
decantation,  and  resuspension  of  these  particles  in  deionized  water  was  rapidly  performed 
three  times  before  final  suspension  of  the  samples  in  ethanol  for  HRTEM  sample 
preparation.  Ethanol  was  used  as  the  final  suspending  medium  because  it  does  not  disturb 
the  BaTiOj  particle  surface,03'  in  contrast  to  more  conventional  HRTEM  sample  preparation 
where  the  particles  are  dispersed  in  an  epoxy  and  mechanically  dimpled  followed  by  ion 
milling  to  produce  acceptable  samples  for  HRTEM  viewing.0 10) 

After  the  various  powders  were  suspended  in  ethanol,  several  carbon  film  coated 
HRTEM  specimen  grids  were  dipped  into  each  suspension.  Multiple  images  were  taken  to 
obtain  a  representative  perspective  on  the  crystallinity  and  the  lattice  fringes  of  the  surface 
region  for  each  of  the  various  powders.  In  the  preliminary  HRTEM  work  on  different 
commercial  powders,  it  was  established  that  the  sample  preparation  procedure  of  dipping 
the  carbon  film  coated  specimen  holders  into  well  dispersed  suspensions  produces 
acceptable  HRTEM  samples  for  viewing  the  particle  surface,  provided  the  particles  are 
sufficiently  small. 

3.4.  Results  and  Discussion 
3.4. 1 .  Solution  Chemistry  Analysis 

Solution  chemistry  analysis  of  the  supernatant  from  various  BaTi03  suspensions 
was  performed  to  determine  if  oxalate  reduces  the  concentration  of  Ba2+  in  solution. 
Chemical  analyses  for  Ba2+(aq)  via  ICP  spectroscopy  of  the  supernatant  from  10  g  BaTi03/l 

19Glacial  acetic  acid  -  Fisher  Scientific,  lot  #  905814. 
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of  10"2M  H2C204,  10"3M  H2C204,  or  10"4M  H2C204  solutions  are  shown  in  Figure  3.5. 
The  concentration  of  Ba2+(aq)  present  for  the  various  oxalic  acid  concentrations  is  similar 
and  relatively  constant  from  pH  3  to  pH  10.  The  theoretical  phase  stability  diagram  for  the 
Ba-Ti02-C02-H20  system04'  is  shown  in  Figure  3.6  and  includes  the  experimental  barium 
concentrations  from  aqueous  BaTi03  suspensions  for  both  virgin  aqueous  suspensions  and 
with  lO^M  C204~  present.  In  the  oxalate-treated  suspension,  the  concentration  of  Ba2+  is 
nearly  three  orders  of  magnitude  lower  than  that  of  the  virgin  suspension.  Furthermore, 
from  ~pH  2  to  ~pH  10,  the  Ba2+  concentration  is  relatively  constant,  in  contrast  to  the 
virgin  BaTi03  suspension  for  which  [Ba2+](aq)  decreases  from  ~10"'M  to  10"4M  over  the 
range  from  pH  6  to  pH  9.  Thus,  the  solution  analysis  data  supports  the  hypothesis  that  the 
oxalate  ion  is  associating  with  the  Ba2+  via  a  precipitation  reaction  to  minimize  the  amount 
of  free  Ba2+  ions  in  solution. 

The  concentration  of  Ba2+  ions  present  in  solution  is  reduced  by  the  formation  of 
BaC204(s).  The  oxalate  ion  is  added  as  oxalic  acid  and  dissociates  according  to  the 
following  reactions: 

H2C204  ^  HC204  +  H30+  K,  =  6.3  x  10"2,  PK3]=  1.23  [2] 
HC204  ^  C202_  +  H30+  K2  =  6.3  x  10"5,  pKa2  =  4.17  [3] 

Figure  3.7(a)  and  (b)  illustrates  the  speciation  diagram  for  the  Ba-C204-H20  system(17,63) 
and  the  Ti02  stability  diagram  respectively.  At  pH  values  greater  than  5,  oxalic  acid  is  fully 
dissociated  and  present  as  C204" .  The  oxalate  ion  reacts  with  dissolving  Ba2+  from  the 
BaTi03  particle  surface  according  to  the  following  precipitation  reaction. 

BaC204(s)  +  H20  ^  Ba2+(aq)  +  C202"(aq)         Ksp  =  1.6  x  10"7  [4] 
At  equilibrium,  the  stoichiometric  solubility007'  in  an  ideal  solution  where  the  activity 
coefficients  are  assumed  to  be  unity  is  given  by, 

Ksp  =  (Ba2+)(C202-),  and 
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Figure  3.5.  ICP  data  for  the  Ba2+(aq)  concentration  in  solution  from  three  different  BaTi03 
suspensions  (lOg  of  BaTi03  powder/1  oxalic  acid  or  0.1 57o)  as  a  function  of  oxalic  acid 
(10"2M,  10_3M,  and  10"4M)  concentration. 
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Figure  3.6.  Stability  diagram  for  the  Ba-Ti02-C02-H20  system.04'  Data  lines  entitled 
"Virgin  BaTiO/'  and  "BaTi03  with  Oxalate  Present"  show  the  concentration  of  dissolved 
Ba2+  from  the  supernatants  of  lOg  BaTi03/l  H20  (0.1 57o)  and  lOg  BaTi03/l  1C4  M  oxalic 
acid  (0.1 57o),  respectively. 
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Figure  3.7.  (a)  Speciation  diagram  for  the  Ba-C2O4-H20  system07,63'  and  (b)  the  Ti02 
stability  diagram.  '55) 
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[Ba2+]  =  [C202~]  -  4  x  10"4M  (from  pH  5  to  ~pH  1 1) 
Thus,  the  predicted  the  amount  of  Ba2+  in  equilibrium  with  BaC204(s)  of  approximately 
4  x  10"4M  is  in  relatively  good  agreement  with  the  experimental  solubility  of  Ba2+  for  the 
oxalate  treated  BaTi03  suspensions  shown  in  Figures  3.5  and  3.6. 

Furthermore,  based  on  the  common  ion  effect,  and  assuming  ideal  solution,  the 
concentration  of  Ba2+(aq)  in  equilibrium  in  10"2M  C20]~  and  10"3M  C2024~  is 
approximately  1.6  x  10"5M  and  1.4  x  10"4M,  respectively.  These  values  for  [Ba2+](aq) 
based  on  the  common-ion  effect  in  the  solution  with  excess  C2Ol~  (aq)  are  in  even  better 
agreement  with  the  measured  [Ba2+](aq),  which  was  on  the  order  of  6  x  10"5M  to  1  x  lO^M 
determined  by  ICP  spectroscopy.  While  not  direct  confirmation  of  the  presence  of 
BaC204H20(s)  in  equilibrium  in  the  oxalate-treated  solutions,  the  measured  concentration 
of  Ba2+  in  the  solution  is  similar  to  the  theoretical  BOM  solubility.  Furthermore,  the 
relative  insensitivity  of  the  measured  [Ba2+](aq)  values  with  respect  to  solution  pH  are  in 
good  agreement  with  the  expected  BOM  solubility  as  a  function  of  solution  pH. 
3.4.2.  High  Resolution  Transmission  Electron  Microscopy  Analysis 

High  resolution  TEM  imaging  was  used  to  analyze  the  surface  region  of  the  BaTi03 
particles  subjected  to  a  variety  of  solution  conditions  as  a  function  of  solution  pH  and  the 
presence  of  ions  such  as  oxalate.  A  reduction  in  the  amount  of  Ba2+  ions  in  solution  via  the 
solution  analyses  is  a  necessary  but  insufficient  proof  that  oxalate  ions  passivate  the  BaTi03 
surface.  Chemical  analyses  do  not  confirm  the  physical  location  of  the  BOM  precipitate 
which  is  an  additional  requirement  for  the  surface  passivation.  High  resolution 
transmission  electron  microscopy  (HRTEM)  was  used  to  provide  a  visual  confirmation  of 
the  phase  stability  diagram  proposed  by  Osseo-Asare  et  al.,  Utech  et.  al,  and  Lencka  and 
Riman(1417,42)  by  evaluation  of  the  lattice  fringes  at  the  surface  of  the  BaTi03  particles  after 
being  exposed  to  various  aqueous  pH  conditions  (acidic,  neutral,  and  basic).  HRTEM  also 
was  used  to  confirm  whether  a  BOM  layer  is  present  on  the  BaTi03  particle  surface  after 
exposure  to  pH-adjusted  oxalic  acid  solution. 
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The  four  powders  examined  were  acetic  acid-washed,  water-washed,  ammoniated 
water-washed,  and  oxalate-treated  (Figures  3.8  to  3.11,  respectively).  The  most  obvious 
difference  between  the  various  powders  was  the  surface  layer,  seen  as  an  aura  of 
amorphous  material  around  each  of  the  water-washed  particles  at  a  nominal  pH  6.5  shown 
in  Figure  3.9.  The  surface  layer  (3nm  to  7nm)  on  the  water-washed  BaTi03  particles  is 
most  likely  due  to  a  barium-depleted  region,  resulting  in  an  amorphous  Ti02-rich  layer  at 
the  surface  of  the  particle  by  incongruent  dissolution  of  Ba2+  ions.  The  formation  of  an 
amorphous  surface  layer  is  a  common  phenomenon  observed  on  corroded  soda-lime- 
silicate  glasses/61' 

In  contrast  to  the  water-washed  BaTi03,  the  acid-washed  and  ammoniated  water- 
washed  particles  have  no  depleted  surface  region  as  shown  in  Figures  3.8  and  3.10, 
respectively.  The  low  pH  (pH~l)  used  in  the  acid-washed  sample  dissolves  the  titanium  as 
well  as  the  barium  at  the  surface  of  the  particle,  as  indicated  by  the  phase  stability  diagram 
for  Ti02  compiled  from  data  in  Pourbaix(55)  and  Baes  and  Mesmer(54)  and  shown  in 
Figure  3.7(b).  Therefore  at  low  pH,  dissolution  of  BaTi03  is  by  congruent  dissolution 
with  near  stoichiometric  concentrations  of  barium  and  titanium  ions  in  solution.  Under 
highly  alkaline  conditions  (pH  >  12)  BaTi03  is  theoretically  stable  as  predicted  by  Osseo- 
Asare  et  al.  and  others. (1417,42)  Therefore  a  depleted  surface  region  is  neither  expected  nor 
observed  for  the  ammoniated  water-washed  sample  shown  in  Figure  3.10. 

The  oxalate-treated  BaTi03  particles  have  a  very  thin  surface  layer,  as  shown  in  the 
HRTEM  micrograph  of  Figure  3.1 1.  The  layer  is  approximately  1  nm  thick  as  indicated  in 
the  HRTEM  micrograph.  Such  a  thin  layer  is  beyond  the  limits  of  detection  by  electron 
spectroscopic  techniques  to  establish  the  chemical  composition  of  the  layer,  but  reduction  in 
the  amount  of  aqueous  barium  present  in  solution,  concurrent  with  the  formation  of  a 
surface  layer,  is  compelling  experimental  evidence  that  barium  is  precipitating  with  oxalate 
at  or  near  the  surfaces  of  the  BaTi03  particles.  Furthermore,  BOM  formation  is  proposed 
since  the  only  ions  present  in   solution   are  from  contamination  found  on  the 


Figure  3.8.  Transmission  electron  micrograph  of  the  acetic  acid-washed  BaTi03  particles. 


Figure  3.9.  Transmission  electron  micrograph  of  the  water-washed  BaTi03  particles. 
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Figure  3.1 1.  Transmission  electron  micrograph  of  the  oxalate  treated  BaTi03  particles. 
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surface  of  the  BaTi03  particles,  from  exposure  to  the  atmosphere  (i.e.  C03~),  from  the 
addition  of  oxalic  acid,  or  from  the  addition  of  HN03  or  tetraethylammonium  hydroxide. 
The  lot  analysis  supplied  with  the  as-received  BaTi03  powder  showed  no  significant  bulk 
concentrations  of  substances  that  complex  with  the  positively  charged  Ba2+(aq).  The  major 
contaminants  include  carbon,  strontium,  iron,  and  chlorine  in  the  ranges  of  500-1 000  ppm, 
400-800  ppm,  50-200  ppm  and  100-300  ppm  respectively,  with  concentrations  of  silica, 
aluminum,  chromium,  calcium,  and  nickel  less  than  5  ppm.  It  is  important  to  note  that  the 
contaminant  concentrations  for  the  as-received  BaTi03  powder  represent  the  bulk  material. 
In  the  solution  phase  these  concentrations  are  expected  to  be  significantly  lower  due  to  the 
limited  dissolution  of  the  BaTi03  particles.  The  amounts  of  acid  and  base  added  were 
relatively  small  (i.e.,  less  than  10'3M)  and  would  not  reduce  the  amount  of  Ba2+(aq)  by 
three  orders  of  magnitude  as  experimentally  observed.  Therefore,  the  only  reasonable 
explanation  for  the  reduction  of  Ba2+(aq)  is  a  reaction  between  the  dissolving  barium  with 
the  oxalate  ions  present  in  solution.  Furthermore,  the  HRTEM  results  for  the  oxalic  acid- 
washed  BaTi03  indicate  that  a  significant  part  of  this  association  occurs  as  deposition  on 
the  BaTi03  particle  surface.  This  is  in  contrast  to  the  formation  of  a  Ba2+-depleted 
amorphous  surface  region  found  on  the  water-washed  BaTi03(s)  exposed  to  aqueous 
solution  at  a  similar  pH,  but  without  oxalate  ion  present. 

Further  support  for  the  deposition  of  BOM  or  related  compounds  (e.g.,  a  higher 
form  of  a  hydrate)  on  BaTi03  surfaces  is  provided  by  an  estimation  of  the  thickness  of  a 
BOM  precipitate  on  BaTi03  surfaces  via  a  mass  balance  calculation.  It  will  be  assumed  that 
virtually  all  C20]~  ions  reacted  with  the  Ba2+  ions  to  form  the  passivating  layer.  This 
assumption  ignores  the  relatively  small  contribution  that  the  solubility  of  BOM  makes 
toward  partial  removal  of  any  BaC204  passivation  layer.  If  the  observed  layer  is  thicker 
than  the  calculated  layer,  then  the  hypothesis  that  the  layer  consists  of  BOM  will  be 
compromised. 
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The  theoretical  thickness  of  the  BOM  passivating  layer  was  calculated  for  one  gram 
of  BaTi03  powder  and  an  oxalic  acid  dosage  of  37o  of  the  solid.  One  gram  of  BaTi03 
powder  has  an  experimentally  determined  specific  surface  area  of  approximately  8  m2/g  or 
8  x  104cm2/g.  For  a  37o  oxalic  acid  dosage,  0.03  g  of  H2C204-2H20  would  be  added  but 
only  -0.02 14  g  of  the  C202~  ions  would  be  present.  Assuming  all  C2024~  ions  react  with 
dissolved  Ba2+  ions  in  solution  to  form  a  uniform,  continuous  passivating  layer  of 
BaC204«H20  (density,  p  =  2.658  g/cc)(106)  over  the  entire  surface,  and  neglecting  the 
solubility  of  BaC204-H20,  the  calculated  thickness  of  the  BOM  layer  is  approximately 
1 .6  nm.  This  value  is  dependent  upon  the  specific  surface  area  of  the  powder,  the  chemical 
formula  of  the  passivating  layer  (e.g.,  whether  a  higher  hydrate  is  formed-BaC204nH20), 
and  the  solubility  of  BOM  (-1.6  x  10"7).  The  calculated  thickness  is  in  reasonable 
agreement  with  the  thickness  of  the  layer  estimated  from  the  HRTEM  micrograph  in 
Figure  3. 11  supporting  the  hypothesis  that  BOM  deposits  on  the  surfaces  of  the  BaTi03 
particles  and  provides  a  true  passivation  layer  to  inhibit  incongruent  dissolution. 
3.4.3.  Electrophoretic  Behavior  of  Barium  Titanate  Suspensions  at  Various  Solids 
Loading 

The  objective  of  this  section  was  to  determine  the  electrophoretic  behavior  of 
BaTi03  suspensions  at  various  solids  loading.  Determining  the  electrophoretic  behavior  as 
a  function  of  solids  loading  provides  information  about  surface  reaction  and  surface  charge 
formation  as  well  as  the  mechanism  which  limits  the  concentration  of  Ba2+  in  solution 
(diffusion  or  solubility). 

The  zeta  potential  of  the  as-received  BaTi03  in  aqueous  suspension  varies  with 
solids  loading,  as  shown  in  Figure  3.12.  The  isoelectric  point  (IEP)  (the  pH  at  which  the 
zeta  potential  changes  polarity)  of  aqueous  suspension  of  BaTi03  increases  with  increased 
solids  loading.  At  5  g/1  (0.0757o  or  40  m2  of  BaTi03  per  liter  suspension),  the  IEP  occurs 
at  -pH  5,  while  for  solids  loadings  of  20  g/1,  60  g/1,  and  200  g/1,  the  ffiPs  occur  at  much 
more  alkaline  conditions.  This  experimental  observation  for  the  virgin  BaTi03  particles  in 
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Figure  3.12.  Zeta  potential  measurements  as  a  function  of  suspension  pH  for  the 
hydrothermally  derived  BaTi03  powder  as  a  function  of  solids  loading. 
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water  can  be  interpreted  based  on  the  work  by  Fuerstenau  and  co-workers  showing  specific 
adsorption  of  Ba2+(aq)  on  Ti02(s).(72  84)  The  IEP  for  the  most  dilute  BaTi03  suspension 
(5  g/1)  is  consistent  with  the  presence  of  a  Ti  hydrous  oxide  layer,  as  indicated  for  the 
water-washed  BaTi03  particles  in  Figure  3.9.  Various  forms  of  titania  are  weakly  acidic, 
with  an  ffiP  in  the  pH  range  from  pH  4  to  pH  6.(20'52'53)  The  relatively  low  Ba2+(aq) 
concentration  measured  at  the  low  solids  loading,  in  contrast  to  the  higher  concentrations  of 
Ba2+(aq)  as  the  solids  loading  is  increased,  as  shown  in  Figure  3.13,  is  consistent  with  a 
system  in  which  incongruent  dissolution  is  taking  place.  However,  as  the  [Ba2+](aq) 
increases,  enough  Ba2+(aq)  is  present  in  solution  to  support  measurable  specific  adsorption 
of  Ba2+(aq)  at  the  amorphous  Ti  hydrous  oxide  surface.  The  conclusion  that  specific 
adsorption  of  Ba2+(aq)  takes  place  on  the  Ti  hydrous  oxide  surface  is  consistent  with  the 
criterion  that  an  ion  is  specifically  adsorbing  on  a  metal  hydrous  oxide  if  the  adsorption  of 
the  ion  causes  a  shift  in  the  IEP  of  the  solid.<68)  Moreover,  Fuerstenau  et  al.<72,84)  have 
observed  specific  adsorption  of  Ba2+(aq)  and  other  alkaline  earth  ions  on  titania  in  support 
of  the  proposed  surface  charging  mechanism  for  BaTi03  in  aqueous  suspensions. 

While  the  development  and  testing  of  a  quantitative  surface  charge  model  for 
BaTi03  in  water  will  be  the  focus  of  a  later  paper,  it  is  proposed  that  the  following  surface 
and  solution  reactions  lead  to  surface  charge  formation  at  a  given  solids  loading  or,  more 
precisely,  a  given  surface  area  of  BaTi03(s)  presented  to  the  solution  phase.  First,  Ba2+ 
incongruently  dissolves  at  the  BaTi03  particle/solution  interface.  Second,  or  perhaps 
concurrent  with  Ba2+  incongruent  dissolution,  the  resulting  amorphous  Ti  hydrous  oxide 
takes  on  surface  charge  in  a  manner  similar  to  titania,  resulting  in  a  "pristine"  IEP  at  ~pH  5 . 
Third,  if  there  is  sufficient  [Ba2+](aq)  in  solution,  as  provided  by  higher  surface  areas  of 
BaTi03  exposed  to  the  aqueous  phase  at  higher  solid  loadings,  specific  adsorption  of 
Ba2+(aq)  into  the  Stern  plane  on  the  Ti  hydrous  oxide  surface  takes  place.  Specific 
adsorption  of  Ba2+(aq)  leads  to  a  shift  in  the  IEP  toward  more  alkaline  pH  values. 
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Figure  3.13.  ICP  analysis  for  the  hydrothermally  derived  BaTi03  powder  as  a  function  of 
solids  loading. 
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The  high  concentration  of  Ba2+(aq),  particularly  at  the  higher  solid  loadings,  and  the 
relatively  modest  magnitudes  observed  for  zeta  potentials  in  such  suspensions  are 
consistent  with  the  poor  stability  of  BaTi03  aqueous  suspensions.  In  the  suspensions  used 
for  the  electrophoretic  light  scattering  measurements,  coagulation  manifests  as  a  rapid 
sedimentation  behavior  that  was  observed  in  all  suspensions.  As  discussed  earlier,  the 
addition  of  an  organic  dispersant  is  not  sufficient  to  maintain  stability  because  the  relatively 
high  concentrations  of  Ba2+(aq)  are  capable  of  cross-linking  many  of  the  conventional 
organic  dispersants. 

The  electrophoretic  behavior  of  BaTi03  as  a  function  of  solids  loading  strongly 
suggests  that  increasing  the  amount  of  surface  area  (by  increasing  the  solids  content)  causes 
the  IEP  to  shift  toward  a  more  alkaline  pH.  The  shift  in  the  IEP  towards  a  more  alkaline 
pH  with  increased  solids  (BaTi03)  implies  that  the  concentration  of  Ba2+  in  solution  is 
controlled  by  both  the  solubility,  and  a  diffusion  limiting  layer  of  amorphous  Ti02.  This 
layer  was  also  noted  in  the  HRTEM  micrograph  shown  in  Figure  3.9. 
3.4.4.  Electrophoretic  Behavior  of  Barium  Oxalate  Monohydrate  and  Barium  Titanate 
Suspensions  at  Various  Oxalic  Acid  Concentrations 

Electrophoretic  mobility  measurements  were  made  to  determine  how  the  presence  of 
oxalate  affects  the  electric  potential  associated  with  the  surface  of  BaTi03  particles 
suspended  in  an  aqueous  medium.  It  will  also  be  shown  that  the  oxalate  reacts  at  the 
BaTi03  particle  surface  rather  than  in  the  bulk  solution.  After  determining  that  the  oxalate 
treatment  reduces  the  amount  of  free  Ba2+  in  solution  via  ICP  spectroscopy,  the  surface 
charge  of  BaTi03  suspensions  at  various  oxalic  acid  concentrations  was  assessed  to  ensure 
uniform  coverage.  Uniform  coverage  is  characterized  by  a  monomodal  distribution  of 
charge,  as  opposed  to  a  bimodal  charge  distribution  which  is  indicative  of  dissimilar 
particles  with  various  surface  charges.  Electrostatic  charge  alone  may  allow  metastable 
powder  dispersion,  but  for  most  oxides  the  charge  present  on  the  particle  surface  is 
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dependent  upon  the  pH  of  the  suspension.  This  is  because  the  potential-determining  ions 
for  most  metal  oxides  are  H+  and  OH".(68) 

As  the  pH  of  the  suspension  changes,  the  magnitude  and  polarity  of  the  charge  can 
also  change.  A  10  g  BaTi03/l  H20  suspension  exhibits  amphoteric  behavior,  with  the 
potential  changing  from  a  positive  to  a  negative  value  with  increasing  pH  and  an  IEP  in  the 
intermediate  range  of  pH  8  to  pH  9  (Figure  3.14).  With  the  IEP  near  the  processing  pH  for 
commercial  multilayer  capacitors,  the  particles  would  have  little  charge  on  the  surface  and 
would  tend  to  agglomerate  much  more  easily.  The  ideal  situation  is  to  maintain  a  large 
potential  and  constant  surface  charge  polarity  over  a  wide  pH  range  to  accommodate  any 
fluctuations  in  pH  during  processing. 

In  contrast  to  the  10  g  BaTi03/l  H20  suspension,  the  10  g  BOM/1  H20  suspension 
maintains  a  constant  positive  potential  (-20 mV)  on  the  particle  surface  from  pH  4  to 
pH  10,  which  is  similar  to  the  findings  of  Curreri  et.  al  on  a  similar  compound,  calcium 
oxalate  monohydrate  (COM).<64)  This  constant  positive  potential  over  a  wide  suspension 
pH  range  supports  BOM  as  a  potential  surface  modification  agent  to  tailor  the  magnitude 
and  polarity  of  the  zeta  potential  and  thus  controlling  dispersion. 

When  adding  BaTi03  (10g/l  or  0.1 57o)  to  oxalic  acid  instead  of  H20,  the  pH  of  the 
suspension  increases.   However,  the  increase  in  suspension  pH  is  beneficial  because  it 

ensures  that  the  H2C204  is  fully  dissociated  and  present  as  C2024~  where  it  can  readily  react 
with  Ba2+  ions  in  solution  or  Ba2+  ions  dissolving  from  the  BaTi03  particle  surface  as 
shown  in  equation  [1].  Electrophoretic  measurements  were  made  over  the  pH  range  of  ~3 
to  10  to  determine  if  the  BOM  is  present  on  the  surface  and  if  the  oxalic  acid  concentrations 
provide  uniform  coverage.  The  results  (Figure  3.14)  show  a  relatively  constant  negative 
charge  on  the  surface,  with  the  magnitude  dependent  upon  the  molar  concentration  of  the 
oxalic  acid.  At  lower  oxalic  acid  concentrations,  a  small  inflection  is  noted  around 
suspension  pH  7  to  pH  8  and  is  probably  due  to  BaC03  depositing  on  the  particle  surfaces. 
In  contrast  to  the  BOM  suspension  where  the  polarity  is  positive  over  the  pH  range  from  4 
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Suspension  pH 


Figure  3.14.  Electrophoretic  behavior  for  BaC204-H20  and  BaTi03  in  deionized  water  and 
BaTi03  suspensions  (10g/l  or  0.15v/o)  in  various  concentrations  of  H9C904.2H,0  (102, 
10"3,  10"4M). 
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to  10,  the  BaTi03  particles  suspended  in  oxalic  acid  exhibit  a  negative  potential  over  the 
same  pH  range.  This  negative  charge  is  due  to  the  oxalate  ion  reacting  with  the  dissolving 
Ba2+  ion,  depositing  on  the  particle  surface,  and  the  BOM  taking  on  a  net  negative  surface 
charge  because  of  excess  negatively  charged  oxalate.03' 

Figure  3.15  demonstrates  how  an  increase  in  the  BaTi03  solids  to  one  volume 
percent  (17o)  with  corresponding  oxalic  acid  concentrations  affects  the  electrophoretic 
behavior  of  the  suspensions.  The  60g/l  (i.e.,  17o)  BaTi03  suspensions  with  various 
additions  of  oxalic  acid  in  weight  percent  of  the  solids  (BaTi03  powder)  display  a  behavior 
similar  to  BaTi03/oxalic  acid  suspensions  in  Figure  3.14  at  a  lower  solids  loading. 
However  the  lw/o  addition  of  oxalic  acid  does  not  provide  a  uniform,  negative  surface 
charge  over  the  entire  pH  range  investigated.  Larger  additions  of  oxalic  acid  (2w/o  and 
3w/o)  show  a  relatively  constant  negative  charge  on  the  surface  from  suspension  pH  4  to  pH 
11.5.  Therefore  it  is  necessary  to  add  at  least  2w/o  oxalic  acid  to  provide  stable  zeta 
potential  values  as  a  function  of  pH. 

3.4.5.  Electroacoustic  Analysis  of  High  Solids  Loading  Barium  Titanate  Suspensions 

The  electrophoretic  behavior  of  low  solids  loading  BaTi03  suspensions  discussed 
in  a  prior  section  provided  some  insight  into  the  surface  charge  at  low  solid  concentrations 
which  are  significantly  lower  than  tape  casting  formulations.  The  objective  of  this  section 
was  to  determine  if  increasing  the  BaTi03  concentration  affects  the  surface  charge 
associated  with  the  BaTi03  particles  suspended  in  either  deionized  water  or  oxalic  acid. 
The  electroacoustic  behavior  shown  in  Figure  3.16  for  the  two  suspensions  detailed  in 
Table  3.1  is  similar  to  the  electrophoretic  behavior  for  suspensions  of  similar  solids  loading 
with  oxalic  acid  present  (Figure  3.15).  However,  the  samples  in  Figure  3.15  needed  to  be 
reconstituted  before  the  electrophoretic  behavior  could  be  determined  with  light  scattering, 
whereas  the  electroacoustic  samples  were  measured  directly  at  the  17o  BaTi03 
concentration. 
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Figure  3.15.  BaTi03  suspensions  (lv/o)  with  various  amounts  of  oxalic  acid  incorporated 
as  a  weight  percent  of  the  solids  (BaTiO,  powder). 
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Figure  3.16.  Electroacoustic  behavior  for  two  different  17o  BaTi03  suspensions  with  0.0 
and  3.0w/o  oxalic  acid  present  in  comparison  with  electrophoretic  behavior  of  similar 
suspensions  where  the  zeta  potential  determined  is  determined  using  a  light  scattering 
technique  (suspensions  1  through  4  respectively).  For  additional  information  about  the 
electroacoustic  suspensions  see  Table  3.1. 
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The  17o  BaTi03  aqueous  suspension  (analyzed  using  electroacoustic  waves) 
exhibits  a  positive  charge  with  no  IEP  present  over  the  entire  pH  range  (2.5  to  9.5) 
investigated.  Electroacoustic  data  is  given  as  the  electrokinetic  sonic  amplitude  or  ESA 

(mPa-M/V),  which  can  be  converted  to  zeta  potential  (mV)  through  a  series  of 
equations.004*  This  electroacoustic  data  exhibits  a  similar  trend  and  charge  magnitude  to  the 
sample  in  Figures  3.12  and  3.15  with  no  oxalic  acid  present  over  a  pH  range  from  pH  4  to 
pH  10. 

The  electroacoustic  behavior  for  the  17o  BaTi03,  37o  oxalic  acid  exhibits  a  negative 
charge  ranging  between  lOmV  and  30  mV  over  the  pH  range  from  pH  4  to  pH  10.  This 
corresponds  with  the  particle  electrophoretic  results  for  surface  potential  determined  using  a 
electrophoretic  light  scatting  technique.  The  surface  charge  measured  at  low  pH 
(1.5<pH<4)  and  highly  alkaline  pH  values  (10<pH<  12)  was  not  determined  using  light 
scattering  techniques.  However,  electroacoustic  results  show  a  very  small  charge  at  highly 
acidic  and  highly  alkaline  conditions.  The  low  charge  exhibited  at  low  pH  (1.5<pH<4) 
values  may  be  due  to  incomplete  dissociation  of  the  oxalic  acid  (present  as  H2C204  and 
H  CjO^)  and  therefore  incomplete  coverage  of  the  BaTi03  particle  surface.  The  low  charge 
noted  at  highly  alkaline  conditions  (10<pH<12)  could  be  due  to  the  formation  of 
Ba(OH)+.  The  formation  of  Ba(OH)+  on  the  particle  surface  drives  the  charge  towards  zero 
(pH  =  1 1 .4)  until  it  eventually  becomes  positive. 

3.5.  Conclusions 

The  problems  associated  with  the  aqueous  processing  of  BaTi03  (incongruent 
dissolution  of  Ba2+  from  the  BaTi03  particle  surface)  for  multilayer  capacitors  and  a 
solution  are  summarized  in  Figure  3.17(a)  and  3.17(b)  respectively  with  its  validity 
confirmed  by  the  experimental  results.  The  electrophoretic  behavior  of  aqueous  BaTi03 
suspensions  is  dependent  not  only  upon  batch  to  batch  variations,  but  also  upon  solids 
loading.   ICP  results  confirm  the  theoretical  instability  of  BaTi03,  with  high  resolution 
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Figure  3.17.  (a)  Schematic  showing  the  incongruent  dissolution  of  Ba2+  in  deionized  water 
and  the  formation  of  Ti-rich  and  Ba-rich  layers  which  circumvent  the  stoichiometric  BaTi03 
core,  and  (b)  the  passivation  treatment  for  minimizing  the  dissolution  of  Ba2+  from  the 
BaTi03  particle  surface  via  oxalic  acid  provides  uncertain  colloidal  stability. 
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HRTEM  corroborating  that  it  is  a  surface  mediated  phenomena.  In  contrast  to  BaTi03, 
electrophoretic  measurements  for  BOM  demonstrate  a  relatively  constant,  positive  zeta 
potential  for  a  pH  range  from  pH  4  to  pH  10.  Suspensions  of  BaTi03  with  various 
concentrations  of  oxalic  acid  (10  2M,  10"3M,  and  10"4M)  show  relatively  constant,  negative 
zeta  potentials  over  the  same  pH  range,  with  the  magnitude  of  the  charge  dependent  upon 
the  oxalate  ion  concentration.  Increasing  the  amount  of  oxalic  acid  present  increases  the 
magnitude  of  the  charge  associated  with  the  surface  of  the  BaTi03  particles.  Oxalate 
additions  also  minimize  the  Ba2+  ion  concentration  in  solution  by  precipitating  the  relatively 
insoluble  barium  oxalate  salt  as  a  diffusion  barrier  on  the  surface  of  the  BaTi03  particles. 
The  BaC204  precipitate  is  the  product  of  the  leached  Ba2+  ions  from  the  BaTi03  particle 

surface  and  the  fully  dissociated  C20]~  ions  present  in  solution.  Calculation  of  the 
thickness  of  this  barrier  layer  was  determined  to  be  1.6  nm,  which  is  reasonably  consistent 
with  the  surface  layer  experimentally  observed  in  the  HRTEM  micrographs  of  the  oxalate- 
treated  powder. 

The  addition  of  BaTi03  powder  to  oxalic  acid  solution  controls  the  particle  surface 
charge  and  minimizes  the  free  Ba2+  ions  present  in  solution  over  a  wide  pH  range, 
alleviating  the  problems  associated  with  small  fluctuations  in  pH  during  processing.  The 
passivation  of  the  BaTi03  particle  surface  via  oxalic  acid  was  convincingly  demonstrated  by 
the  experimental  results  discussed  throughout  the  current  work.  However,  the  suspension 
stability  was  not  improved  by  the  presence  of  oxalic  acid  and  will  be  addressed  in  future 
experiments. 


CHAPTER  4 

DISPERSION  OF  AQUEOUS  BaTi03  SUSPENSIONS 


4.1.  Introduction 

The  dispersion  of  fine  particles  to  prepare  homogeneous  suspensions  is  critical  in 
ceramic  powder  processing  for  the  production  of  uniform  green  microstructures  and 
reliable  fired  ceramics/6,7,34,67,111'"4'  The  final  microstructure  of  ceramics  is  adversely 
affected  when  agglomerates  of  the  ceramic  particles  are  present  during  sintering  which 
consequently  increases  significantly  with  the  fabrication  of  thinner  layers/28,31'  The 
particles  in  suspension  must  be  well  dispersed,  particularly  in  the  highly  concentrated  slips 
used  in  tape  casting/5,33'  From  a  handling  point  of  view,  excessive  thixotropy,  dilatancy, 
and  high  yield  point  should  be  avoided  for  a  tape  casting  suspension  with  suitable 
rheological  properties/34,115' 

BaTi03  suspended  in  oxalic  acid  instead  of  deionized  water  minimizes  the 
dissolution  of  the  Ba2+  from  the  surface  of  the  BaTi03  particles  as  well  as  providing  a 
relatively  uniform,  negative  surface  charge  over  the  pH  range  from  pH  4  to  pH  10/108' 
However,  only  modest  zeta  potential  magnitudes  are  provided  by  the  adsorption  of  the 
barium  oxalate  precipitate  onto  the  BaTi03  particle  surface.  Thus,  the  colloidal  stability  of 
the  oxalate-treated  BaTi03  particles  is  marginal  and  clearly  unsuitable  for  tape  casting. 
Figure  4. 1  summarizes  the  incongruent  dissolution  and  passivation  process  with  the 
corresponding  particle  surface  layers  depicted/14,18,35,43,108' 

Dispersion  of  a  powder,  specifically  BaTi03,  in  a  liquid  must  accommodate  the 
various  interactions  that  can  take  place  between  the  suspending  medium  and  particulate  as 
shown  in  Figure  4.2.  In  the  BaTi03-H20  system,  incongruent  dissolution  of  Ba2+  can  lead 
to  deposition  of  naturally  occurring  Ba-salts  such  as  BaC03(s),  to  high  ionic  strength  in 
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a.  SCHEMATIC: 
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Figure  4.1.  (a)  Schematic  showing  the  incongruent  dissolution  of  Ba2+  in  deionized  water 
and  the  formation  of  Ti-rich  and  Ba-rich  layers  which  circumvent  the  stoichiometric  BaTi03 
core,  and  (b)  the  passivation  treatment  for  minimizing  the  dissolution  of  Ba2+  from  the 
BaTi03  particle  surface  via  oxalic  acid  provides  uncertain  colloidal  stability.04,35'108* 
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Figure  4.2.  A  summary  of  various  interactions  between  BaTi03  particles,  water,  and 
polymeric  additives/108* 
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solution  due  to  the  high  solubility  of  such  Ba-salts  at  low  to  intermediate  pH,  and  to 
specific  interactions  of  Ba2+  with  polymeric  additives  which  results  in  phase  separation  of 
the  Ba-polymeric  moiety.(44)  In  prior  work  it  has  been  shown  that  oxalate  (C2024~)  may  be 
used  to  produce  a  BaC204«H20  (BOM)  passivation  layer  on  the  surface  of  the  BaTi03 
particle.008'  The  solubility  of  the  BOM  passivation  layer  is  much  less  sensitive  to  changes 
in  solution  pH  than  either  the  virgin  BaTi03  or  the  naturally  occurring  BaC03(s) 
passivation  layer.07'63,64'  The  large  change  in  solubility  as  a  function  of  solution  pH  for 
BaC03(s)  increases  the  ionic  strength  of  the  suspension.  The  BaC03(s)  instability  in 
aqueous  solution  compromises  the  dispersion  of  the  BaC03-passivated  BaTi03  in  water  at 
low  to  moderate  pH  ranges  (up  to  pH  9).  The  relatively  large  concentration  of  Ba2+(aq)  in 
either  virgin  BaTi03  or  BaC03-passivated  BaTi03  aqueous  suspensions  also  results  in 
phase  separation  of  many  polymeric  additives/44'  Specific  interaction  of  Ba2+(aq)  with 
functional  groups  such  as  -OH  and  -COO  in  many  aqueous  polymers  used  as  dispersants 
or  binders  results  in  a  less  soluble  Ba2+  polymer  complex  which  readily  phase  separates.*44' 
Thus,  the  challenge  in  dispersing  the  oxalate-passivated  BaTi03  in  aqueous  suspensions  is 
to  select  an  organic  dispersant  which  strongly  adsorbs  onto  the  oxalate-treated  BaTi03 

surface  without  significant  interaction  with  dissolved  Ba2+(aq)  or  C204~(aq). 

In  the  present  study,  various  polymers  (cationic,  neutral,  and  anionic)  were  added 
to  oxalate-treated  BaTi03  suspensions  to  evaluate  colloidal  stability  as  a  function  of  polymer 
characteristics.  Polymer  dispersants  are  typically  intermediate  molecular  weight  (5,000  to 
75,000  molecular  weight)  organic  molecules  that  may  be  positive,  neutral,  or  negatively 
charged  depending  on  the  nature  of  side  or  backbone  functional  groups.016""9'  Polymeric 
additives  can  disperse  particles  by  either  of  the  mechanisms  shown  in  Figure  4.3.<38)  For 
depletion  dispersion  shown  in  Figure  4.3  (a),  the  polymer  remains  in  solution  and  reduces 
the  interaction  energy  with  which  similarly-charged  particles  collide.  In  the  depletion 
dispersion  scenario  the  polymer  is  either  neutral  or  exhibits  a  similar  polarity  to  the  surface 
potential  of  the  particles.  The  other  mechanism  shown  in  Figure  4.3  (b)  involves  the 
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Figure  4.3.  Schematic  showing  two  different  polymeric  dispersing  mechanisms  for 
suspensions,  (a)  depletion  dispersion  where  the  polymer  remains  in  solution  and  prevents 
particle  collisions  and  (b)  adhesion  of  the  cationic  polyelectrolyte  to  the  particle  surface 
preventing  particle-particle  contact  by  both  polymeric  and  electrostatic  repulsion.(38) 
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adsorption  of  the  polymer  to  the  particle  surface  to  inhibit  particle-particle  collisions  via 
electrostatic  repulsion,  steric  hindrance,  or  a  combination  of  these  repulsive  mechanisms. 
The  attachment  of  the  polymer  molecules  to  the  particle  surface  can  occur  by  covalent 
bonding  between  species  in  the  particle  surface  and  the  macromolecule,  by  electrostatic 
adsorption  of  the  polymer  to  the  particle  surface,  or  by  a  combination  of  covalent  and  ionic 
interactions. 

The  objective  of  the  current  work  was  to  disperse  the  oxalate-treated  BaTi03 
particles.  The  oxalate-treated  BaTi03  system  with  various  polymeric  dispersants  will  be 
investigated  to  determine  the  optimum  combination  of  oxalic  acid  and  polymeric  dispersant 
for  suspension  stability  and  favorable  rheological  properties  for  tape  casting. 

4.2.  Approach 

The  following  experiments  were  designed  and  conducted  to  determine  the  colloidal 
stability  of  the  as-received  BaTi03  particles,  the  oxalate-treated  BaTi03  particles,  and  the 
oxalate-treated  BaTi03  particles  with  various  polymeric  additives  (cationic,  anionic,  and 
neutral  polymers).  Low  solids  loading  solution  chemistry  analysis,  sedimentation,  and 
electrophoretic  behavior  were  used  in  preliminary  studies  to  screen  and  eliminate 
dispersants  that  increased  the  concentration  of  Ba2+(aq)  concentration,  increased  the 
sedimentation  rate,  or  reduced  the  zeta  potential  when  added  to  the  oxalate-treated  BaTi03 
suspensions.  Dispersants  that  did  not  increase  the  Ba2+(aq),  compromise  the  stability,  or 
reduce  the  zeta  potential  were  characterized  at  higher  solids  loading  where  stability  is  more 
apparent  due  to  the  increased  number  of  inter-particle  collisions.  Higher  solids  loading 
slurries,  similar  to  industrial  tape  casting  formulations,  were  investigated  by  analysis  of  the 
rheological  behavior  (apparent  viscosity  and  Bingham  yield  point)  of  each  slurry,  by  visual 
assessment  of  hand  cast,  "pseudo"  tapes  for  agglomerates,  and  scanning  electron 
microscopy  of  the  particle  packing  within  the  green,  pseudo-tapes.  The  particle  packing 
within  the  pseudo-tape  corresponds  to  the  dispersion  of  the  oxalate-treated  BaTi03 
suspension  with  polymeric  dispersants  present. 
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4.3.  Materials  and  Methods 
All  glassware  and  plasticware  were  washed  with  a  biodegradable  detergent1,  rinsed 
thoroughly  with  tap  water  to  remove  residual  soap,  and  subsequently  rinsed  several  times 
with  copious  quantities  of  deionized  water2  before  use.  To  avoid  contamination  by  soluble 
silica  species,  glassware  was  used  only  when  the  solution/suspension  pH  of  the  contents 
was  less  than  pH  8.5.  Unless  otherwise  noted,  the  deionized  water  used  throughout  the 
current  work  was  boiled  for  approximately  ten  minutes  while  purged  with  nitrogen  to 
minimize  dissolved  atmospheric  gases,  particularly  C02,  in  solution.  Degassed  water  was 
stored  in  glass  bottles  with  rubber-lined  caps  under  a  nitrogen  atmosphere.  All  constituents 

were  weighed  to  four  decimal  places  using  an  analytical  balance3.  The  hydrothermally 
derived  BaTi034  was  supplied  by  Cabot  Performance  Materials  (Boyertown,  PA).  Bulk 
analysis  of  the  BaTi03  powder  showed  concentrations  of  C,  Sr,  Fe,  and  CI  ranging  from 
500- 1000  ppm,  400-800  ppm,  50-200  ppm,  and  1 00-300  ppm,  respectively.  Other  bulk 
contaminants  included  Al,  Si,  Cr,  Ca,  and  Ni  which  were  all  less  than  5  ppm.  Pure  BOM 
was  precipitated  from  equal  volumes  of  1M  BaCl2^2H20  and  1M  K2C204«H20  solutions, 

washed  twice  with  deionized  H20  using  0.22  urn  nylon  filters5  to  collect  filtrate,  and  dried 
at  ~110°C  for  sixteen  hours.  X-ray  diffraction  was  used  to  confirm  the  BOM  crystal 
structure.  All  other  chemicals  used  throughout  this  study  were  reagent  grade  and  were 
used  without  further  purification. 

4.3.1.  Preparation  of  Low  Solids  Loading  Barium  Titanate  Suspensions 

BOM  suspensions  containing  various  polymers  (none  -  control;  1,3  propanediol; 
polyvinyl  alcohol  -  PVA;  polymethacrylic  acid  -  PMA;  ammonium  methyl  methacrylate  - 


'Sparkleen,  Calgon  Vestal  Laboratories,  St.  Louis,  MS. 

^Deionized  water,  specific  resistivity  >10Megaohms  cm. 

3Fisher  Scientific,  model  A-250,  0.0001  g  readability. 

4Cabot  BT-10  BaTi03  powder,  Cabot  Performance  Materials,  Boyertown,  PA. 

5Micron  Separation  Inc.,  135  Flanders  Rd.,  Westboro,  MA  01581. 
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AmPMMA)  were  prepared  in  a  10:1  (BOM:polymer)  weight  ratio.  The  pH  of  the 
BOM/polymer  suspensions  was  adjusted  with  0.1M  or  0.2M  HN03  and  0.1M  or 
0.2M  KOH  to  values  ranging  between  pH  2  and  pH  11,  allowed  to  equilibrate  for  48 
hours,  and  filtered  with  0.22  um  filter  paper.  Supernatants  were  acidified  with  nitric  acid 
to  prevent  the  formation  of  BaC03(s)  by  reaction  with  atmospheric  C02(g),  before  assaying 
for  dissolved  barium  via  inductively  coupled  argon  plasma  (ICP)  spectroscopy. 

Preliminary  colloidal  stability  was  assessed  by  adding  various  amounts  of 
AmPMMA,  PEO,  and  PEI  to  oxalate  treated  BaTi03  suspensions.  The  results  warranted 

that  PEI  be  investigated  further.  Stock  solutions  of  oxalic  acid6  in  concentrations  of  10"2M, 
10"3M,  10"4M,  and  0M  (deionized  water  as  a  control)  were  prepared  using  volumetric 
glassware  and  deionized  water.  Sedimentation  samples  were  prepared  at  37o  BaTi03 
(-3.40 g)  in  19ml  polypropylene,  screw-cap  test  tubes  to  evaluate  PEI  more  quantitatively 
as  a  dispersant.  The  appropriate  amount  of  BaTi03  was  weighed  and  placed  into  a  small 
Nalgene  (-50  ml)  container  with  15  ml  of  either  0M,  10"2M,  10  3M,  or  lO^M  oxalic  acid 
solution  and  the  desired  amount  of  PEI  (concentrations  from  0  to  57o  of  the  powder).  The 
pH  was  measured  and  adjusted  to  the  desired  pH  value  (pH  values  ranging  between  pH  3 

and  pH  1 1)  using  0.0 1M  HN037  and  0.01M  tetraethylammonium  hydroxide  (TEAOH)8. 
The  samples  were  allowed  to  equilibrate  for  15  minutes  and  the  pH  was  readjusted  if 
necessary.  The  suspensions  were  then  transferred  to  the  polypropylene  test  tubes  carefully 
filling  the  test  tubes  to  the  top  so  that  a  minimal  amount  of  air  was  present  to  reduce  the 
extent  of  exposure  to  atmospheric  C02.  All  suspensions  were  prepared  at  a  particular  pH, 
oxalate  and  PEI  concentration,  and  dispersed  using  an  ultrasonic  bath  followed  by 
mechanical  agitation.  The  samples  were  then  allowed  to  settle  under  gravity. 
Sedimentation  heights  were  recorded  at  30  seconds,  1  minute,  5  minutes,  30  minutes,  1 
hour,  24  hours,  and  one  week  for  each  sample. 

6Oxalic  acid  -  Fisher  Scientific,  lot  #  905504. 

7HN03  -  Fisher  Scientific,  70  weight  %  solution  in  water,  lot#  90581 1. 
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BaTi03  suspensions  (17o)  with  various  concentrations  of  oxalic  acid  (10  2M, 
10"3M,  10"4M,  and  0M)  and  polyethyleneimine9  (0,  0.5,  1.0,  and  2.0w/o  of  the  solid 
BaTi03  powder)  at  various  pH10  values  (adjusted  using  0.01M  and  0.1MTEAOH  and 
HN03)  were  prepared  and  allowed  to  equilibrate  for  24  hours.  The  suspension  pH  was 
readjusted  after  the  24  hour  equilibration  period  if  drift  in  the  initial  pH  was  detected. 
Initial  suspensions  that  were  too  high  in  solids  loading  to  permit  optical  analysis  were 
diluted  by  sedimentation  and  redispersion  of  a  smaller  quantity  of  solid  in  the  decanted 
supernatant  to  facilitate  electrophoretic  measurements.  Remaining  suspensions  were  stored 

in  Nalgene11  containers  under  an  argon  atmosphere  and  archived  in  a  frozen  state  to 
minimize  changes  in  suspension  characteristics  over  time. 
4.3.2.  High  Solids  Loading  Barium  Titanate  Slurries 
4.3.2. 1  Preparation  of  Barium  Titanate  Slurries 

Slurries  of  similar  concentrations  of  BaTi03  powder  in  various  concentrations  of 
oxalic  acid  and  PEI  were  prepared  to  determine  potential  formulations  as  well  as  an 
optimum  passivation/dispersion  dosage.  The  compositions  and  visual  characterization  of 
the  slurries  are  given  in  Appendix  A,  Tables  Al  through  A5.  All  initial  slurries  were 
prepared  according  to  Figure  4.4(a).  The  addition  of  oxalic  acid  powder  to  the  deionized 
water  before  the  addition  of  BaTi03  powder  was  found  to  be  a  critical  processing  step  in 
controlling  the  charge  of  the  particles  and  minimizing  the  dissolution  of  Ba2+  from  the 
surface  of  the  particles.  Adding  the  BaTi03  powder  directly  to  deionized  water  before 
adding  the  oxalic  acid  dihydrate  powder,  the  passivating  agent,  provided  no  improvement 
in  the  colloidal  properties  or  rheological  behavior  compared  with  slurries  made  with  no 
passivating  agent  present.  Therefore,  the  desired  amounts  of  oxalic  acid  dihydrate  powder 
and  deionized  water  were  weighed  using  an  analytical  balance  and  placed  into  a  high  speed, 

8TEAOH  -  Aldrich,  35  weight  %  solution  in  water,  lot#  05498HZ. 

9Polyethyleneimine  (50%  in  water),  Kodak,  lot  A16B. 

10pH  meter  -  The  London  Co.  -  PHM  64  research  pH  meter  -  Cleveland  OH. 
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Figure  4.4.  (a)  Flow  diagram  for  preparing  slurries  using  a  stainless  steel  mixer  or  polished 
zirconia  mixing  media,  (b)  Revised  mixing  order  use  to  passivate  and  disperse  the  BaTi03 
particles  simultaneously. 


Nalgene  Company,  subsidiary  of  Sybron  Corporation,  Rochester,  NY. 
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stainless  steel  blender12.  The  oxalic  acid  was  completely  dissolved  before  slowly  adding 
the  appropriate  amount  of  BaTi03  powder  to  the  stainless  steel  vessel  while  continuously 
mixing  at  low  speed.  The  appropriate  amount  of  PEI  was  then  added  to  the  vessel 
containing  the  oxalate  treated  BaTi03  powder.  The  constituents  of  initial  slurries  were 
mixed  at  high  speed  (-5,000  rpm)  using  the  stainless  steel  blender  after  each  reagent  was 
added.  However,  it  was  found  that  the  blender  did  not  provide  sufficiently  high  shear 

mixing,  hence  subsequent  slurry  mixing  was  performed  with  polished  zirconia13  mixing 
media  and  a  vortex  mixer.  The  slurries  were  characterized  as  described  in  the  following 
section  (4.3.2.2)  and  stored  in  sealed  Nalgene  containers  under  a  nitrogen  atmosphere  to 
minimize  atmospheric  reactions. 

An  additional  modification  to  the  procedure  was  the  addition  of  PEI  to  the  oxalic 
acid  solution  as  shown  in  Figure  4.4  (b).  Upon  mixing,  the  passivation  agent  and 
dispersion  agent  crosslinked,  forming  a  metastable  gel-like  structure.  However  when 
BaTi03  was  added  to  the  passivation/dispersion  gel-like  structure  and  a  small  shear  force 
was  applied  (mixing  with  a  spatula),  a  low  viscosity  slurry  was  formed  similar  to  when  the 
BaTi03  powder  was  added  to  the  oxalic  acid  solution  followed  by  the  addition  of  PEI.  One 
possible  advantage  to  mixing  the  passivation  and  dispersion  agents  prior  to  adding  the 
BaTi03  powder  is  the  simultaneous  passivation  and  dispersion  of  the  powder.  This 
processing  modification  should  minimize  agglomerate  formation  by  reducing  the  amount  of 
time  in  which  the  oxalate-treated  particles  can  collide  and  adhere  to  similar  oxalate-treated 
particles. 


12Waring  commercial  7  speed  blender,  model  7012  with  mini-container  MC-2,  New  Hartford,  CT. 
13Highly  polished  zirconia  mixing  media. 
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4.3.2.2  Characterization  of  the  Barium  Titanate  Slurries 

Characterization  of  the  high  solids  loading  samples  is  essential  for  interpreting  the 
optimum  dosage  of  oxalic  acid  and  PEL  Small  samples  were  extracted  from  each  slurry  for 
pH  measurement,  visual  inspection,  and  particle  packing.  The  slurry  pH  was  determined 
using  color-calibrated  litmus  paper14.  The  second  sample  was  smeared  onto  a  glass 
microscope  slide  using  a  razor  blade  to  create  a  "pseudo"-tape  that  could  be  visually 
examined  for  gross  defects  (agglomerates),  topography,  and  uniformity  of  the  film. 

Scanning  electron  microscopy15  (SEM)  was  used  to  examine  particle  packing  within  the 
pseudo  tapes.  Samples  were  prepared  for  SEM  by  spreading  the  third  small  extracted 
amount  of  slurry  on  an  aluminum  SEM  mount  and  allowing  the  slurry  to  air-dry  before 

sputter  coating  with  Au-Pd16.  Pseudo  tapes  were  examined  at  50  kX,  25  kX,  10  kX,  and 
lkX. 

Initial  viscosity  measurements  were  performed  on  all  slurries  at  25°C  using  a  cone- 
plate  viscometer17  at  shear  rates  ranging  from  0.6  sec'1  to  120  sec"1.  Subsequent 

measurements  were  also  made  using  a  cone-plate  viscometer18  at  25°C,  but  with  shear  rates 
ranging  from  0.1  sec"1  to  150  sec"1.  Both  the  shear  stress  and  the  viscosity  were  determined 
as  a  function  of  shear  rate  for  all  samples  where  the  viscosity  could  be  experimentally 
ascertained.  Initially,  viscosities  were  reported  at  24  sec"1  for  samples  and  used  as  a  relative 
measure  of  rheological  suitability  for  the  suspension  in  tape  casting.  Subsequent 
investigations  report  the  apparent  viscosity  at  shear  rates  where  the  viscosity  reaches  a 
plateau.  However,  the  viscosity  of  some  samples  was  larger  than  the  limit  of  the 
instrument  at  24  sec"1  (early  investigations)  and  did  not  achieve  a  plateau  over  the  range  of 
shear  rates  investigated  (subsequent  investigations),  and  are  reported  as  NA. 

14pHydrion  paper,  Micro  Essential  Laboratory,  Brooklyn,  NY. 
15JEOL  JSM  6400  scanning  electron  microscope,  JEOL,  Boston,  MA. 
16Au-Pd  sputter,  Hummer  I,  Technics  Inc.,  Alexandria,  VA. 

17Brookfield  Viscometer,  model  #,  Brookfield  Engineering  Laboratory,  Inc.,  Stoughton  MA. 
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4.4.  Results  and  Discussion 
4.4. 1  Preliminary  Studies  at  Low  Solids  Loading 
4.4.1.1  Solution  Chemistry 

Solution  chemistry  analysis  of  the  supernatant  from  aqueous  BOM  suspensions 
containing  various  polymers  was  performed  to  determine  whether  the  different  polymers 
increase  the  dissolved  Ba2+  concentration.  Chemical  analyses  for  Ba2+(aq)  via  ICP 
spectroscopy  of  the  supernatant  solutions  was  used  as  a  criteria  for  eliminating  a  potential 
polymer  as  additives  when  it  increased  the  solubility  of  BOM.  Figure  4.5  shows  the 
solubility  of  BOM  (theoretical  as  well  as  experimental)  and  BOM  with  AmPMMA,  PVA, 
1 ,3  propandiol,  or  PMA  as  a  function  of  suspension  pH.  The  addition  of  AmPMMA  as 
well  as  other  organic  molecules  including  polyvinyl  alcohol  (PVA),  1,3  propandiol,  or 
polymethacrylic  acid  (PMA)  to  separate  BOM  suspensions  increases  the  solubility  of  BOM 
by  as  much  as  four  orders  of  magnitude.07,45,63  108' 

The  increase  in  BOM  solubility  is  due  to  the  formation  of  a  soluble  Ba2+-polymer 
complex  as  depicted  in  Figure  4.6.  The  dissolution  of  BOM  is  increased  by  the  addition  of 
the  polymeric  additive  according  to  the  following  reaction  .<44,45) 

BOM(s)  +  H20  +  polymer  Ba2+-polymer  complex(aq)  +  Ba2+(aq)  +  C2024~  (aq)  [4.1] 
The  formation  of  the  polymer  complex  species  drives  the  reaction  to  the  right  based  upon 
Le  Chatelier's  principle,  thus  increasing  the  amount  of  dissolved  Ba2+  present  in  solution. 
The  addition  of  these  polymers,  particularly  AmPMMA,  to  the  oxalate  treated  BaTi03 
suspensions  would  compromise  the  passivation  of  the  oxalate  treated  BaTi03  surface  via 
dissolution  of  the  passivation  layer  and  expose  the  underlying  stoichiometric  particle  core  to 
aqueous  conditions.04,35,108*  Thus,  AmPMMA  and  the  other  polymers  described  above 
were  eliminated  as  potential  dispersants  for  the  oxalate  treated  BaTi03  system. 


8Brookfield  Viscometer,  model  #  LVTDCP,  Brookfield  Engineering  Laboratory,  Inc.,  Stoughton  MA. 
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Figure  4.5.  The  solubility  of  BaC204«H20  (theoretical  as  well  as  experimental)  and 
BaC204«H20  with  various  polymeric  additives  as  a  function  of  suspension  pH.(I7'45'63  108) 
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Figure  4.6.  Schematic  showing  a  possible  interaction  between  aqueous  species, 
specifically  a  PVA-Ba2+  interaction. 
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4.4. 1 .2  Sedimentation  Results 

Sedimentation  studies  provide  insight  into  the  colloidal  stability  of  suspensions. 
The  addition  of  PEO  to  an  oxalate  treated  BaTi03  suspension  increased  the  viscosity  and 
promoted  agglomeration  of  the  particles.  Due  to  the  deleterious  effects  of  AmPMMA  on 
the  solubility  of  BOM  and  of  PEO  on  the  colloidal  stability  of  the  oxalate-treated  BaTi03 
particles,  both  of  these  polymeric  additives  were  eliminated  as  possible  dispersants. 
However  the  dispersion  of  the  oxalate-treated  BaTi03  suspension  with  PEI  present  was 
promising  and  warranted  a  more  thorough  investigation  to  determine  a  range  of  working 
dosages  as  well  as  an  optimum  dosage. 

Figure  4.7  (a)  shows  the  sediment  height  for  aqueous  37o  BaTi03  suspensions  as  a 
function  of  pH  and  time.  Sediment  heights  are  relatively  constant  after  five  minutes, 
demonstrating  poor  dispersion  of  the  BaTi03  particles  under  these  solution  conditions. 
Without  oxalate  present  to  passivate  the  surface  of  the  BaTi03  particles,  the  solution 
conditions  favor  the  agglomeration  of  the  BaTi03  powder.04,18  108'  As  the  incongruent 
dissolution  of  the  BaTi03  surface  occurs,  the  increased  concentration  of  Ba2+(aq)  drives  the 
suspension  pH  toward  alkaline  conditions,  approximately  pH  9.  Suspension  pH  9  is  near 
the  isoelectric  point  of  BaTi03  suspensions  at  this  concentration,  where  the  BaTi03 
particles  exhibit  zero  net  surface  charge.  The  sediment  height  is  easily  recorded  due  to  the 
sharp  contrast  between  the  supernatant  and  the  agglomerates.  The  sedimentation  rate 
shown  in  Figure  4.7  (b)  was  calculated  at  the  one  hour  time  interval  and  is  approximately 
9  cm/hour.  Based  on  the  theoretical  phase  stability  diagram  by  Utech  et  al.  and 
others,(14,l8,35,43)  combined  with  the  solution  chemistry  analysis  and  the  HRTEM 
micrographs  of  the  surface  region  discussed  in  previous  work,  it  can  be  concluded  that  the 
stoichiometric  BaTi03  particle  core  is  surrounded  by  an  amorphous  Ti02-rich  or  BaC03 
layer  depending  on  the  ionic  species  present  in  solution  and  the  suspension  pH.<108) 
However,  both  the  amorphous,  Ba-depleted  Ti02  surface  region  and  the  naturally 
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Figure  4.7.  (a)  Sedimentation  results  for  37o  BaTi03  powder  as  a  function  of  suspension 
pH  and  time,  (b)  Sedimentation  rate  for  the  same  suspensions  calculated  at  the  one  hour 
time  period. 
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occurring,  pH  sensitive  BaC03  surface  layer  exhibit  insufficient  charge  for  electrostatic 
stabilization. 

The  sedimentation  results  for  BaTi03  suspended  in  oxalic  acid  solution  are 
presented  in  Figure  4.8  (a)  and  4.8(b).  The  addition  of  oxalate  ions  resulted  in  no 
improvement  in  the  suspension  stability,  as  evidenced  by  the  sedimentation  rate.  In  fact, 
both  the  suspensions,  without  and  with  oxalic  acid  present,  exhibit  similar,  relatively 
constant  sediment  heights  after  five  minutes.  In  addition,  the  sedimentation  rates  for  both 
the  as-received  BaTi03/H20  and  the  oxalate-treated  BaTi03  suspensions  are  approximately 
9  cm/hour.  The  large  sedimentation  rate  is  evidence  of  poor  colloidal  stability.  However, 
the  sediment  height  was  more  difficult  to  discern  for  the  suspensions  with  oxalic  acid 
present.  Each  sample  containing  oxalic  acid  had  a  transparent  but  cloudy  region  of  finely 
dispersed  BaTi03  particles  and  a  relatively  opaque  region  containing  agglomerates.  The 
boundary  between  the  transparent  but  cloudy  region  and  the  opaque  region  was  recorded  as 
the  sediment  height.  Reed  suggests  this  is  a  sign  of  improved  dispersion .(120)  The  presence 
of  the  oxalic  acid  passivates  the  BaTiO,  particle  surface  and  provides  a  uniform,  negative 
surface  charge,  as  demonstrated  via  solution  chemistry  analysis  and  electrophoretic 
behavior/"0  However,  the  relatively  modest  surface  charge  imparted  by  oxalate  treatment 
does  not  provide  adequate  suspension  stability. 

Sedimentation  plots  for  aqueous  suspensions  of  37o  BaTi03  with  PEI  (P/o  of  the 
solid)  but  no  oxalic  acid  are  shown  as  a  function  of  pH  and  time  in  Figure  4.9.  In 
comparison  to  the  BaTi03  suspensions  with  oxalic  acid  present  (Figure  4.8),  the  settling 
times  of  more  than  one  week  indicate  that  better  dispersion  is  provided.  However  this 
colloidal  stability  is  misleading.  Without  oxalic  acid  present,  the  incongruent  dissolution  of 
the  BaTi03  particle  surface  still  exists.008'  The  incongruent  dissolution  provides  excess 
Ba2+  ions  in  solution  which  can  cross-link  other  polymers  added  to  the  slurry  (i.e.,  binder, 
defoaming  agents,  or  wetting  agents)  or  compromise  the  ultimate  sintered  ceramic.08,44' 
Also,  the  increase  in  settling  time  for  the  suspensions  with  only  PEI  present  could  be  due  to 
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Figure  4.8.  (a)  Sedimentation  results  for  37o  BaTi03  and  57o  oxalic  acid  (w/o  of  the  solids) 
suspensions  as  a  function  of  pH  and  time,  (b)  Sedimentation  rate  for  the  same  suspension 
calculated  for  the  one  hour  time  period. 
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Figure  4.9.  (a)  Sedimentation  results  for  37o  BaTi03  and  17o  PEI  (w/o  of  the  solids) 
suspensions  as  a  function  of  pH  and  time,  (b)  Sedimentation  rate  for  the  same  suspensions 
calculated  at  the  one  hour  time  period. 
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an  increase  in  the  viscosity  of  the  suspensions  due  the  addition  of  the  macromolecule, 
stability  induced  by  electrostatic  repulsion  between  similarly  charged  bodies  (i.e.  the 
positively  charged  BaTi03  and  the  positively  charged  PEI  macromolecule),  electrostatic 
effects  from  the  side-walls  of  the  test  tubes,  or  a  combination  of  these  two  effects.  In  any 
case,  the  stability  provided  is  not  adequate  for  a  tape  casting  formulation  that  would  sit 
longer  than  one  hour  prior  to  use.  More  importantly,  the  incongruent  dissolution  of  the 
BaTi03  particle  would  not  be  addressed. 

Figure  4.10  shows  the  sediment  height  for  37o  BaTi03  suspensions  with 
57o  oxalic  acid  and  17o  PEI  present  (where  both  oxalic  acid  and  PEI  are  added  as  a  weight 
percent  of  the  BaTi03)  as  a  function  of  pH  and  time.  The  sediment  height  remained 
constant  over  one  week,  and  several  samples  at  these  conditions  remained  well  dispersed 
longer  than  one  month.  Suspensions  made  at  similar  conditions  with  lower  amounts  of 
PEI  (<17o)  exhibited  a  similar  behavior  to  the  oxalate-treated  particles  (Figure  4.8),  where 
complete  sedimentation  occurred  in  approximately  5  minutes.  With  less  than  17o  PEI, 
there  is  insufficient  PEI  present  to  provide  adequate  dispersion.  Increasing  the  PEI 
concentration  from  17o  to  27o  PEI  does  not  change  the  sedimentation  results  shown  in 
Figure  4. 10. 

All  sedimentation  studies  with  PEI  present,  as  shown  in  Figures  4.9  and  4.10, 
exhibit  an  instability  in  the  aqueous  BaTi03  suspensions  above  pH  10.  The  basic 
dissociation  constant  for  PEI  is  between  pH  10  and  pH  ll.(116)  Above  the  dissociation 
constant,  PEI  is  no  longer  positively  charged.  Without  the  positive  charge  associated  with 
the  macromolecule,  PEI  disperses  the  oxalate-treated  BaTi03  in  a  manner  similar  to  PEO 
where  an  increase  in  agglomeration  was  noted.  Therefore,  suspension  pH  is  still  critical  in 
the  aqueous  processing  of  BaTi03  in  oxalic  acid  with  PEI  present.  However  the  working 

pH  range  is  above  pH  5,  where  oxalic  acid  is  fully  dissociated  and  present  as  C2024~ ,  and 
below  pH  10,  where  PEI  is  positively  charged.   In  any  case,  this  is  preferable  to  the. 
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Figure  4.10.  (a)  Sedimentation  results  for  37o  BaTi03i  5w/o  oxalic  acid,  and  17o  PEI 
(w/o  of  BaTi03)  suspensions  as  a  function  of  pH  and  time,  (b)  Sedimentation  rate  for  the 
same  suspensions  calculated  at  the  one  hour  time  period. 


123 


aqueous  processing  of  BaTi03  at  pH  12  to  13,  which  is  necessary  to  minimize  the 
concentration  of  Ba2+(aq)  in  solution  without  the  addition  of  oxalic  acid. 
4.4. 1 .3  Electrophoretic  Behavior 

The  objective  of  the  electrophoretic  behavior  study  was  to  corroborate  and  to 
provide  quantitative  analysis  of  the  colloidal  stability  predicted  by  the  sedimentation  study. 
Electrophoretic  analysis  will  aid  in  determination  of  the  mechanism  by  which  PEI  disperses 
the  oxalate-treated  BaTi03  particles.  Previous  studies  involved  the  electrophoretic  behavior 
of  BaTi03,  BOM,  and  BaTi03  with  varying  concentrations  of  oxalic  acid.(108)  The  presence 
of  the  oxalic  acid  provides  a  uniform,  negative  charge  on  the  surface  of  the  BaTi03  particles 
with  the  magnitude  of  the  charge  dependent  upon  the  oxalate  ion  concentration. 

The  electrophoretic  behavior  of  BaTi03  powder  in  oxalic  acid  solution  (5w/o  of  the 
solids)  is  presented  in  Figure  4.11.  In  contrast  to  the  electrophoretic  behavior  of  the 
oxalate-treated  BaTi03  suspension  are  the  electrophoretic  behavior  of  similar  suspensions 
with  various  PEI  concentrations.  Low  concentrations  of  PEI  (0.5w/o)  cause  the  charge  on 
the  particle  surface  to  be  more  positive  at  intermediate  to  alkaline  pH  (pH  >  5.5).  However 

under  more  acidic  conditions  (pH<5),  where  the  oxalate  ion  may  be  present  as  HC2C>4, 
the  PEI  does  not  readily  affect  the  surface  potential.  This  phenomenon  is  not  observed  for 
the  17o  and  2w/o  PEI  suspensions.  When  PEI  is  added  to  the  oxalate-treated  BaTi03 
suspension,  the  pH  increases,  fully  dissociating  the  oxalic  acid  and  allows  the  surface 
passivation  reaction  to  proceed  to  completion.008'  Adding  HN03  to  adjust  the  pH  to  more 
acidic  conditions  does  not  seem  to  affect  the  BOM  passivation  layer.  As  the  oxalic  acid 
reacts  with  the  dissolving  Ba2+  from  the  BaTi03  particle  surface  and  the  surface  becomes 
more  negative,  the  PEI  electrostatically  adsorbs  onto  the  Ba-oxalate  surface  providing  a 
positive  zeta  potential.  From  the  electrophoretic  results,  the  PEI  concentration  and 
suspension  pH  are  critical  for  providing  a  large  positive  surface  charge  and  sufficient 
dispersion.  Corresponding  sedimentation  studies  corroborate  the  increased  stability  as  a 
function  of  increasing  PEI  concentration  and  the  poor  dispersion  for  samples  containing 
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Figure  4.11.  Electrophoretic  behavior  for  37o  hydrothermally  derived  BaTi03  (Cabot 
Corporation)  suspensions  with  57o  oxalic  acid  as  a  function  of  PEI  and  suspension  pH. 
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PEI  above  suspension  pH  10  where  PEI  is  no  longer  positively  charged. 

The  passivated,  oxalate-treated  BaTi03  particle  carries  a  negatively  charged  surface 
whereby  the  positively  charged  PEI  molecule  can  electrostatically  adsorb,  altering  the 
magnitude  and  polarity  of  the  zeta  potential.  The  sedimentation  results,  along  with  the 
electrophoretic  analysis,  strongly  suggest  that  steric  hindrance  is  involved  in  the 
stabilization  of  the  suspension  because  over  the  pH  range  investigated,  the  surface  charge 
associated  with  the  oxalate-treated  BaTi03  suspensions  without  and  with  PEI  present  (17o 
or  27o)  is  very  similar  (~10mV,  negatively  and  positively  charged  respectively)  as  shown 
in  Figure  4. 1 1 .  However,  the  settling  times  for  the  sedimentation  samples  at  similar  pH 
conditions  to  the  corresponding  electrophoretic  samples  are  increased  from  approximately  5 
minutes  for  suspensions  without  PEI  present  to  more  than  one  week  when  PEI  is  added. 

Figure  4.12  shows  the  molecular  structure  of  PEI  and  the  hypothesized 
conformation  as  it  adsorbs  on  the  negatively  charged,  oxalate-treated  BaTi03  particle 
surface.  This  representation  is  based  on  the  results  of  the  sedimentation  study  and 
corresponding  electrophoretic  analysis.  The  PEI  molecule  (50,000  to  60,000  molecular 
weight)  is  a  highly  branched  structure  consisting  of  25%  primary  amino  groups,  50% 
secondary  amino  groups  and  25%  tertiary  amino  groups.  The  highly  branched  structure  of 
the  macromolecule  spreads  out  over  the  entire  particle  surface  and  lies  relatively  flat  with 
the  positively  charged  functional  groups  electrostatically  adsorbed  on  the  negatively 
charged  oxalate-treated  BaTi03  surface.  This  provides  a  combination  of  electrostatic  and 
steric  dispersion  of  the  oxalate-treated  BaTi03  particles. 
4.4.2.  High  solids  loading  Barium  Titanate  Slurries 

Dispersing  low  concentrations  of  BaTi03  (37o)  is  relatively  easy  in  comparison  to 
dispersing  concentrations  similar  to  tape  casting  formulations  (207o  to  307o).  The  increase 
in  BaTi03  concentration  provides  more  opportunity  for  particle-particle  collisions  which 
leads  to  the  formation  of  agglomerates.  Slurries  were  prepared  at  higher  concentrations  of 
BaTi03,  similar  to  industrial  tape  casting  formulations,  to  evaluate  the  effectiveness  of  the 
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Figure  4.12.  Schematic  of  the  PEI  molecular  structure  and  its  conformation  on  the 
negatively  charged  oxalate-treated  BaTi03  surface.0 16) 
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oxalate/PEI  treatment  as  well  as  to  determine  an  optimum  oxalate/PEI  dosage. 

The  amount  of  each  constituent,  its  weight  and  volume  percent  in  each  slurry,  and 
visual  characterization  of  pseudo-tapes  cast  on  a  glass  microscope  slides  for  several  slurries 
is  detailed  in  Tables  Al  through  A5  in  Appendix  A.  Oxalic  acid  concentrations  of  0.5,  1 , 
2,  3,  and  57o  (weight  percent  of  BaTi03  present)  correspond  to  Tables  Al  through  A5 
respectively.  Each  table  describes  five  slurries  prepared  with  a  similar  concentration  of 
oxalic  acid  and  various  amounts  of  PEI  (from  0.5  to  57o).  Slurry  designation  3:1 
corresponds  to  the  dosage  of  passivating  agent  and  dispersing  agent  (37o  oxalic  acid  and 
17o  PEI).  Rheological  data  (shear  stress  and  viscosity  as  a  function  of  shear  rate)  is 
plotted  only  for  slurries  with  27o  oxalic  acid  and  various  amounts  of  PEI  in  Figure  4.13  to 
demonstrate  how  the  apparent  viscosity  and  Bingham  yield  point  were  ascertained.  Data 
for  each  slurry  was  curve  fit  with  a  power  function  which  allowed  data  points  to  be 
calculated  at  shear  rates  of  50  sec'1  and  100  sec"1.  A  straight  line  was  plotted  through  the 
two  calculated  viscosities  and  the  apparent  viscosity  is  reported  as  the  y-axis  intercept.  The 
Bingham  yield  point  is  reported  as  the  shear  stress  at  the  lowest  shear  rate  measured.  SEM 
photomicrographs  of  slurries  presented  in  this  section  refer  to  good  and  rejected 
formulations  on  the  basis  of  particle  packing  within  the  microstructure  of  the  unfiltered, 
hand  cast  pseudo  tape. 

The  data  summarized  in  Table  Al  show  the  effect  of  0.57o  oxalic  acid  and  0.5,  1 , 
2,  3,  and  57o  PEI  (slurries  0.5:0.5,  0.5:1,  0.5:2,  0.5:3,  and  0.5:5  respectively)  on  slurry 
properties.  A  summary  of  the  rheological  properties  (viscosity  and  Bingham  yield  point), 
weight  percent  of  the  BaTi03  powder,  and  passivation/dispersion  dosages  is  presented  in 
Figure  4. 14.  Rheological  properties  for  slurries  0.5:0.5  and  0.5: 1  could  not  be  determined 
because  the  slurries  exceeded  the  limitations  of  the  cone-plate  viscometer  and  are  denoted  as 
NA.  The  two  formulations  are  rejected  because  the  rheological  properties  were  offscale 
and  each  exhibited  a  poor  microstructure.  Both  slurries  exhibited  similar  particle  packing  to 
the    SEM    micrographs    of    slurry    0.5:1     shown    in    Figure  4.15.  These 
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Figure  4.13.  Rheological  curves  for  a  typical  slurry  to  demonstrate  how  the  viscosity  and 
Bingham  yield  point  were  ascertained. 
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Figure  4. 14.  A  summary  of  the  rheological  properties  (viscosity  and  Bingham  yield  point), 
weight  percent  of  the  BaTi03  powder  (wt.%),  and  passivation/dispersion  dosages  for 
possible  and  rejected  (shaded  regions)  formulations.  Criteria  for  rejected  formulations  are 
viscosity  (h)  off-scale,  or  agglomerates  noted  in  the  microstructure  of  hand-cast  tapes. 
Viscosity  and  Bingham  yield  point  are  given  in  centiPoise  and  dynes/cm2,  respectively. 


Figure  4.15.  Scanning  electron  micrographs  of  a  smeared  sample  from  slurry  0.5:1 
(687o  BaTi03,  0.57o  oxalic  acid,  and  1.07o  PEI)  at  four  different  magnifications  (50  kX, 
25  kX,  lOkX,  and  1  kX).  Oxalic  acid  and  PEI  are  added  as  weight  percent  of  the  BaTi03. 
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features  resemble  the  particle  packing  of  more  conventional  tape  casting  formulations  as 
shown  in  Figure  4.16.  The  other  three  slurries  at  this  oxalic  acid  concentration  all 
exhibited  rheological  properties  (shear  thinning)  similar  to  those  shown  in  Figure  4.17 
with  variations  in  the  viscosity  and  the  shear  stress  at  a  minimal  shear  rate  (Bingham  yield 
point).  Slurries  0.5:2,  0.5:3,  and  0.5:5  exhibited  a  favorable  microstructure  (particle 
packing)  similar  to  the  scanning  electron  micrographs  of  slurry  2: 1  shown  in  Figure  4.18. 
However  the  PEI  concentration  in  slurry  0.5:5  is  approaching  the  alkaline  limit  (pH  10) 
where  PEI  is  no  longer  positively  charged  and  has  been  found  to  be  ineffective  as  a 
dispersant. 

The  data  summarized  in  Table  A2  shows  the  effect  of  17o  oxalic  acid  and  0.5,  1 , 
2,  3,  and  57o  PEI  (slurries  1:0.5,  1:1,  1:2,  1:3,  and  1:5,  respectively)  on  slurry  properties. 
A  summary  of  the  rheological  properties,  viscosity  and  Bingham  yield  point,  weight 
percent  of  the  BaTi03  powder  and  passivation/dispersion  dosages  is  presented  in 
Figure  4.14.  All  five  slurries  at  this  oxalate  concentration  exhibit  rheological  properties 
(shear  thinning  similar  to  those  present  in  Figure  4. 1 3)  in  the  detection  range  of  the  cone- 
plate  viscometer.  Slurry  1:0.5  and  1:1  had  the  lowest  viscosity  of  these  five  slurries; 
however,  all  five  slurries  exhibit  good  particle  packing  similar  to  Figure  4. 1 8  and  are 
designated  as  acceptable  slurry  formulations. 

Increasing  the  oxalic  acid  concentration  to  27o  of  the  solids  present  (slurries 
presented  in  Table  4.3),  caused  the  viscosities  of  the  slurries  with  corresponding  PEI 
concentrations  (Table  A2)  to  decrease.  Slurry  2:2  provided  the  lowest  viscosity  of  an 
acceptable  slurry  formulation  for  the  27o  oxalic  acid  concentration,  followed  by  2:3,  2:1, 
and  2:5  (Figure  4.13).  A  minimum  in  viscosity  is  established  for  intermediate 
concentrations  of  PEI  at  the  27o  oxalate  concentration.  Therefore  at  a  27o  oxalic  acid 
concentration,  17o  PEI  is  not  sufficient  to  establish  suspension  stabilization.  However, 
excess  PEI  (2:5)  causes  the  suspension  pH  to  increase  near  the  value  where  PEI  is  no 
longer  positively  charged  and  subsequently  an  increase  in  the  viscosity  occurs. 


Figure  4.16.  Scanning  electron  micrographs  of  a  smeared  sample  from  an  aqueous  BaTi03 
(Cabot  hydrothermally  derived  powder)  slurry  prepared  with  a  conventional  tape  casting 
formulation  at  four  different  magnifications  (50  kX,  25  kX,  10  kX,  and  1  kX). 
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Figure  4. 17.  Rheological  behavior  (viscosity  and  shear  stress  vs.  shear  rate)  for  slurries 
with  ~657o  BaTi03,  37o  oxalic  acid  and  17o,  27o,  37o,  and  57o  PEI  (slurry  3:1,  3:2, 
3:3,  and  3:5  respectively)  where  oxalic  acid  and  PEI  are  added  as  weight  percent  of 
BaTiO,. 
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Figure  4.18.  Scanning  electron  micrographs  of  a  smeared  sample  from  slurry  2:1 
(67w/o  BaTiOj,  2.07o  oxalic  acid,  and  1.0w/o  PEI)  at  four  different  magnifications  (50  kX, 
25  kX,  lOkX,  and  1  kX).  Oxalic  acid  and  PEI  are  added  as  weight  percent  of  the  BaTi03. 
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The  amounts  and  constituents  for  each  of  the  various  37o  oxalic  acid  slurries  are 
summarized  in  Table  A4.  Figure  4.17  shows  a  direct  relationship  between  the  amount  of 
PEI  present  and  the  viscosity.  As  the  PEI  concentration  is  increased  the  viscosity 
increases.  Four  of  the  five  slurries  (3:1,  3:2,  3:3,  and  3:5)  are  shear  thinning,  while  the 
viscosity  of  slurry  3:0.5  was  outside  the  rheological  limitation  of  the  cone-plate  viscometer. 
The  lowest  viscosity  of  all  slurries  is  exhibited  by  slurry  3:1  (37o  oxalic  acid  and 
lw/o  PEI),  with  a  viscosity  equal  to  72  cP  and  a  Bingham  yield  point  of  1.8  dynes/cm2. 
Slurry  3:1  is  designated  as  the  "best"  slurry  based  upon  the  rheological  properties  and  the 
corresponding  particle  packing  as  shown  in  Figure  4.19.  The  3:lw/o 
passivatiomdispersion  agent  ratio  was  found  to  be  the  optimum  dosage  to  minimize  the 
amount  of  Ba2+(aq)  present  and  to  provide  adequate  dispersion  for  future  research  on  tape 
casting  formulations  where  binders  are  present. 

A  concentration  limit  for  oxalic  acid  is  approached  when  the  oxalic  acid 
concentration  is  increased  to  5.07o  of  the  solids  present  (slurries  presented  in  Table  A5). 
Slurries  under  5.07o  PEI  display  agglomerated  microstructures,  with  several  micrographs 
displaying  undissolved  oxalate  crystals  present.  These  formulations  were  rejected.  Only 
slurry  5:5  (5.07o  oxalic  acid  and  5.07o  PEI)  provides  a  favorable  viscosity  and  an 
acceptable  microstructure. 

4.5.  Conclusions 

The  problems  associated  with  the  aqueous  processing  of  BaTi03  (incongruent 
dissolution  of  Ba2+  from  the  BaTi03  particle  surface)  for  multilayer  capacitors  and  a 
solution  which  includes  passivation  and  dispersion  are  summarized  in  Figure  3.20(a)  and 
3.20(b)  respectively  with  its  validity  confirmed  by  the  experimental  results.  The 
passivation  of  the  surface  and  dispersion  of  the  oxalate-treated  BaTi03  particles  will 
improve  the  quality  of  BaTi03  ceramic  tapes  used  in  the  aqueous  production  of  multilayer 
capacitors.  The  oxalate  treatment  to  the  BaTiO,  particles  creates  a  negatively  charged 


Figure  4.19.  Scanning  electron  micrographs  of  a  smeared  sample  from  slurry  3:1 
(677o  BaTiO,,  3.07o  oxalic  acid,  and  1.07o  PEI)  at  four  different  magnifications  (50  kX, 
25  kX,  lOkX,  and  1  kX).  Oxalic  acid  and  PEI  are  added  as  weight  percent  of  the  BaTi03. 
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b.  SCHEMATIC: 


■   H2C204Uq)  0  BaTiOj  Tape 


0    BaCp4  4fJ^  Cationic 

Polyelectrolyte 


Figure  4.20.  (a)  Schematic  showing  the  incongruent  dissolution  of  Ba2+  and  the  formation 
of  the  Ti-rich  and  Ba-rich  layers  which  circumvent  the  stoichiometric  BaTi03  core, 
(b)  Schematic  showing  the  passivation  treatment  for  minimizing  the  dissolution  of  barium 
from  the  particle  surface  and  dispersion  of  the  oxalate  treated  particles  with  a  cationic 
polyelectrolyte.04-35-108* 
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surface  and  the  best  dispersant  for  the  treated  particles  is  a  cationic  polyelectrolyte, 
polyethyleneimine. 

Electrophoretic  behavior  of  the  aqueous  oxalate-treated  BaTi03  suspensions  with 
PEI  demonstrates  that  the  amount  of  PEI  added  is  critical  for  providing  a  positive  charge  at 
the  particle  surface.  Low  concentrations  of  PEI  (0.5w/o)  do  not  provide  relatively  constant 
positive  charge  over  the  entire  pH  range  (pH  4  to  approximately  pH  10).  In  fact  at  low  pH 
the  surface  charge  is  negative  and  becomes  positive  as  the  solution  becomes  more  alkaline. 
Whereas,  when  either  17o  or  27o  PEI  is  added  to  the  oxalate-treated  BaTi03  suspension,  a 
positive  surface  charge  is  produced  from  suspension  pH  4  to  approximately  pH  10  with  the 
magnitude  of  the  charge  decreasing  as  the  pH  becomes  more  alkaline.  At  approximately 
pH  10,  PEI  is  no  longer  positively  charged.  In  dispersing  the  oxalate-treated  BaTi03 
particles,  it  is  critical  to  provide  sufficient  PEI  for  uniform  coverage  and  to  maintain  the 
suspension  below  pH  10,  where  PEI  is  positively  charged.  Sedimentation  results 
corroborate  these  findings.  Several  passivation:  dispersion  dosages  are  presented  as 
possible  slurry  formulations;  however  slurry  3:1  (3.07o  oxalic  acid,  1.07o  PEI)  is 
designated  as  the  best  formulation  based  upon  the  favorable  rheological  properties  and 
microstructure  (particle  packing)  of  the  green  "pseudo"  tape. 

It  has  been  demonstrated  that  PEI  is  an  effective  dispersant  for  the  oxalate-treated 
BaTi03  particles.  The  results  presented  in  this  chapter  strongly  suggest  that  steric 
hindrance,  in  combination  with  electrostatic  forces,  is  responsible  for  the  colloidal  stability 
of  the  oxalic  acid/PEI/BaTiC^  suspension.  However  further  work  is  required  to  confirm 
the  dispersion  mechanism. 


CHAPTER  5 

BINDER  FORMULATIONS  FOR  THE  OXALATE/POLYETHYLENE  MINE- 
TREATED  BaTi03  SUSPENSIONS  FOR  MULTILAYER  CAPACITORS 

5.1.  Introduction 

Organic  binders  are  essential  additives  for  processing  many  commercial  ceramics, 
especially  the  production  of  ceramic  tapes  used  in  the  fabrication  of  multilayer 
composites/810'  Ceramic  slurries  incorporate  organic  binders  that  are  dissolved  and 
dispersed  in  the  solution  phase  (aqueous  or  nonaqueous)  to  provide  flexibility  and 
mechanical  integrity  to  the  dried  green  structure.'30,33'  From  a  hypothetical,  ideal 
prospectus,  the  binder  would  be  homogeneously  dispersed  in  the  liquid  phase  without 
electrostatic  or  chemical  interactions  with  the  ceramic  particles  or  the  other  polymeric 
additives.  In  addition,  as  the  cast  tapes  dry,  the  binder  would  remain  evenly  distributed 
throughout  the  structure  providing  organic  bridges  and  filling  the  interstices  between  the 
ceramic  particles.  Lastly,  the  binder  should  be  completely  removed  prior  to  sintering  as 
non-volatile  gaseous  product  through  the  open  porosity.(5) 

An  increase  in  regulations  concerning  the  use  of  hazardous  materials  has  forced  the 
MLC  industry  to  produce  capacitors  via  a  more  environmentally  benign  process.  To 
replace  the  nonaqueous  production  of  MLCs  with  an  aqueous  scheme  is  an  effective 
method  to  circumvent  the  hazardous  materials  restrictions.  However,  BaTi03  is  unstable  in 
water  (14,15,19.41,47,48)  The  jncongruent  dissolution  of  the  BaTi03  particle  surface  introduces 
excessive  amounts  of  Ba2+(aq)  into  the  solution  (more  pronounced  for  finer  particles) 
which  affects  the  surface  stoichiometry  of  the  particle,  the  electrostatic  dispersion,  and  the 
microstructure  of  the  sintered  ceramic  layers. (14'35'68)  Consequently,  polymeric  additions 
can  associate  with  the  Ba2+(aq)  to  either  form  a  soluble  complex  which  increases  the 
solubility  of  the  Ba2+  from  the  BaTi03  or  phase  separate/44'45*  The  fact  that  the  MLC 
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industry  does  not  appreciate  the  solution  chemistry  associated  with  the  aqueous  processing 
of  BaTi03  MLCs  suppresses  the  successful  production  green  ceramic  layers  <  5  urn  thick 
and  fired  layers  <  3  um. 

The  surface  charge  formation  of  a  single  component,  metal  oxide  (e.g.  A1203) 
particle  in  aqueous  solution  as  a  function  of  pH  has  been  well  documented/33,53,70'  The 
polarity  and  magnitude  of  the  surface  potential  associated  with  aqueous  ceramic 
suspensions  are  dependent  upon  the  solution  pH.(1M3,104)  This  is  because  H+  and  OH"  are 
the  potential-determining  ions  for  single  component  metal  oxides.(52)  However, 
multicomponent  ceramics  (e.g.  BaTi03)  are  more  complex.  Surface  reactions  of  most 
multicomponent  oxides  have  not  been  well  documented.  Reactions  at  the  particle  surface 
can  manifest  as  the  formation  of  depleted  surface  layers,  the  deposition  of  metastable 
phases  either  from  the  saturated  solution  or  via  crystallization  of  surface  films,  the 
readsorption  of  dissolved  species  in  solution,  and  the  diffusion  of  the  species  through  these 

jayers  (6.13.14.37) 

The  passivation  of  BaTi03  via  the  addition  of  oxalate  ions  reduces  the  concentration 
of  Ba2+(aq)  and  promotes  a  relatively  constant,  negative  surface  charge  over  a  wide  pH 
range  from  pH4  to  pH  10.(108)  The  addition  of  polyethylene  imine  (PEI)  to  oxalate-treated 
particles  imparts  a  positive  charge  over  a  wide  pH  range  via  the  adsorption  of  the  positive 
polymer  to  the  negative  oxalate  surface.020  Both  the  passivation  agent  and  the  dispersion 
agent  will  vaporize  as  CO(g),  C02(g),  H20(g),  and  N2(g)  during  the  sintering  of  the 
ceramic  with  no  residuals  trapped  within  the  microstructure.(66,116) 

The  size  and  conformation  of  the  polymer  additive  dictates  its  purpose,  solubility, 
and  Theological  behavior.015  "9'  Polymer  dispersants  are  typically  intermediate  length 
(5,000  to  75,000  molecular  weight)  organic  molecules  that  may  be  positive,  neutral,  or 
negatively  charged  depending  on  the  nature  of  side  or  backbone  functional  groups.016'119' 
Both  the  dispersant  and  the  binder  are  comprised  covalently  bonded  backbones  made  of 
carbon,  oxygen,  and  nitrogen  with  side  groups  located  periodically  along  the  length  of  the 
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molecule.  The  chemical  nature  and  size  of  the  side  groups  of  a  polymer  determine  the 
solubility  of  the  polymer  in  a  particular  solvent."19'  The  solubility  of  the  binder  can  be 
improved  by  increasing  the  size  or  the  number  of  side  groups  along  the  backbone  of  the 
polymer.  This  reduces  the  amount  of  interactions  that  takes  place  between  the 
solvent/binder  molecules.  A  reduction  in  the  molecular  weight  of  the  polymer  molecule 
also  increases  the  solubility.0 19) 

In  the  literature,  little  has  been  documented  about  the  interactions  between  the 
aqueous  solvent,  ceramic  particles,  and  polymeric  additives  (i.e.,  dispersants  and  binders) 
which  can  compromise  the  Theological  properties  of  the  system.  The  location  of  the  binder, 
whether  in  solution  or  adsorbed  onto  the  surface,  strongly  effects  the  rheological  properties 
of  the  ceramic  slurry.'34'122'123'  The  addition  of  a  binder  changes  the  rheological  properties 
of  water  from  Newtonian  to  pseudoplastic  in  most  cases.(34)  The  rheological  properties  of  a 
ceramic/binder  system  are  dependent  on  specific  interactions  between  the  particle  and 
polymer,  and  the  location  of  the  binder  in  solution.'67'  Poly  electrolytes,  similar  to  metal 
oxides,  can  form  a  charge  associated  with  the  molecule  when  introduced  to  water.'67' 
Interaction  between  the  particle  and  polymer  at  the  solid-solution  interface  is  dependent  on 
the  charge  associated  with  the  inorganic  and  the  organic  molecule.024'  If  the  polarities  are 
opposite  the  polymer  will  electrostatically  adsorb  to  the  particle  surface.025'  Production  of  a 
well  dispersed  slip  requires  minimization  of  binder/particle  interactions.  Thus,  the  binder 
and  the  dispersed  particles  must  maintain  a  similar  polarity. 

Figure  5.1  shows  the  general  rheological  behaviors  associated  with  polymer 
solutions.'34'  When  a  polymer  solution  is  subjected  to  a  shear  force,  the  polymer  chains  can 
align  to  reduce  the  solution  viscosity  and  strain  produced.  When  the  shear  is  removed,  the 
viscosity  can  immediately  increase  because  the  alignment  of  the  polymer  chains  no  longer 
exists.  This  rheological  phenomena  is  noted  as  shear  thinning  or  pseudoplastic  behavior. 
The  apparent  viscosity  is  the  viscosity  reported  at  the  plateau  region  where  the  viscosity 
remains  relatively  constant.   The  apparent  viscosity  generally  increases  with  increasing 
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Figure  5.1  Different  types  of  rheological  behavior  characteristics  for  various 
suspensions. 
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polymer  concentrations.  Thixotropic  behavior  occurs  when  the  polymer  chain  alignment 
gradually  dissipates,  and  the  lower  viscosity  state  is  retained  for  some  time  after  the  higher 
shear  stresses  are  removed.  Gelation  is  another  rheological  condition  of  importance  in 
binder  solutions.  Gels  can  occur  when  (1)  cooling  a  warm  polymer  solution,  (2)  heating  a 
polymer  solution  (thermal  gelation),  or  (3)  reacting  the  polymer  with  alkaline  earth  and 
heavy  metal  ions  present  in  solution/"8,126'  Newtonian  fluids  exhibit  a  shear  stress  that  is 
proportional  to  the  shear  rate.  Therefore,  the  shear  stress  and  the  viscosity  vs.  shear  rate 
plots  are  straight  lines  with  a  constant  slope  since  the  viscosity  equals  the  instantaneous 
slope  of  the  shear  stress  versus  shear  rate  curve.  Dilatant  fluids  show  an  increase  in 
viscosity  with  an  increase  in  the  shear  stress,  in  which  the  behavior  is  opposite  to  the  shear 
thinning  behavior. 

The  rheological  behavior  of  particle/polymer  suspensions  can  be  tailored  to  meet  the 
demands  of  various  industries.  Pseudoplasticity  is  particularly  important  to  the  paint  and 
multilayer  capacitor  industries.03'53'  Colloidal  science  in  the  paint  industry  is  employed  to 
inhibit  particle  settling.  Otherwise,  manufacturers  of  these  slips  would  be  required  to 
include  a  shelf  life  on  the  packaging  label  to  minimize  the  chances  of  slurry  containing 
inhomogeneities.(67)  Long-chained  organic  molecules  provide  control  of  the  rheological 
behavior  that  permits  the  tape  casting  of  thin,  uniform  ceramic  layers.  The  viscosity  of  the 
pseudoplastic  fluid  at  low  shear  rates  must  be  large  and  decrease  with  an  applied  shear 
force,  as  in  pouring,  spraying,  or  tape  casting.  It  is  desirable  to  have  a  low  viscosity  while 
casting  down  a  ceramic  tape.  However,  a  fast  recovery  or  increase  in  viscosity  is  essential 
when  the  shear  is  reduced  in  order  to  maximize  the  uniformity  of  tape  thickness  and 
minimize  binder  segregation. (l2) 

5.2.  Approach 

In  the  current  work,  experiments  were  specifically  designed  to  determine  the 
colloidal  stability  of  various  binder  systems  (anionic,  neutral,  or  cationic)  with  the  aqueous 
passivation-dispersion  scheme  for  BaTiO3.(l08121)  The  incongruent  dissolution  of  BaTi03 
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is  inhibited  by  forming  a  relatively  insoluble  salt,  barium  oxalate,  on  the  particle  surface 
which  imparts  a  relatively  constant,  negative  surface  charge  over  a  wide  pH 
range.04  1941  108'  The  addition  of  PEI  to  the  oxalate-treated  BaTi03  imparts  a  positive 
surface  charge  and  colloidal  stability.02"  Three  types  of  polyelectrolytes  (anionic,  neutral, 
and  cationic)  are  evaluated  as  possible  binders  for  the  oxalate/PEI-treated  BaTi03. 
Polyacrylic  acid  (PAA)  which  readily  takes  on  negative  charge,  polyvinyl  alcohol  (PVA) 
and  polyethylene  oxide  (PEO)  which  are  neutral  polymers,  and  PEI  and  polyvinyl 
pyrrolidone  (PVP)  which  are  two  cationic  polymers.016"119126"128'  It  will  be  shown  that  the 
slightly  positively  charged  PVP,  added  as  a  combination  of  two  different  molecular 
weights,  is  the  most  effective  binder  composition  of  the  various  binders  studied  for  the 
oxalate/PEI-treated  BaTi03  particles.  Preliminary  studies  at  low  solids  loading  include 
electrophoresis  and  sedimentation  for  oxalate/PEI-treated  BaTi03  suspension  with  binder 
present.  Rheological  characterization  of  solutions  containing  various  combinations  of  the 
three  additives  (oxalate,  PEI,  and  binder)  without  BaTi03  present  is  performed  to  analyze 
possible  interactions  between  additives.  High  solids  loading  samples  were  prepared  to 
analyze  samples  at  a  concentration  where  colloidal  stability  is  more  critical.  Instability  or 
interactions  within  the  suspension  will  be  more  obvious  at  the  higher  solids  loading. 
Binder  compatibility  will  be  assessed  at  the  larger  solids  content  via  rheological  behavior  of 
the  slurry,  visual  inspection  for  aggregates  within  the  tape,  and  SEM  of  the  particle 
packing  within  the  cast  pseudo-tapes.  The  analysis  of  various  binders  at  high  solids 
loading  is  limited  by  the  polymer  solubility  and  complete  dissolution  in  a  small  amount  of 
water  equal  to  the  volume  of  polymer  added.  Solubility  is  an  issue  since  portions  of  the 
total  water  added  is  needed  to  separately  dissolve  the  oxalic  acid  and  the  binder.  These  two 
restrictions  limit  the  choice  of  polymers,  as  well  as  make  it  difficult  to  achieve  BaTi03 
solids  contents  greater  than  65  weight  percent.  However,  657o  BaTi03  is  more 
concentrated  than  the  ~587o  BaTi03  solids  used  in  conventional  tape  casting  formulations 
currently. 
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It  will  be  demonstrated  that  the  slightly  positively  charged  PVP  added  as  two 
different  molecular  weights  is  compatible  and  more  effective  as  a  binder  for  the 
oxalate/PEI-treated  BaTi03  particles  than  other  investigated  binders. 

5.3.  Materials  and  Methods 

5.3.1.  General 

All  glassware  and  plasticware  were  washed  with  a  biodegradable  detergent1,  rinsed 
thoroughly  with  tap  water  to  remove  residual  soap,  and  subsequently  rinsed  several  times 

with  copious  quantities  of  deionized  water2  before  use.  Glassware  was  only  used  when 
the  solution/suspension  pH  value  of  the  contents  was  less  than  pH  8.5  to  minimize  soluble 
silica  contamination,  whereas  plasticware  was  used  over  the  entire  pH  range.  Unless 
otherwise  noted,  deionized  water  used  throughout  the  current  work  was  boiled 
approximately  ten  minutes  while  purged  with  nitrogen  to  minimize  dissolved  atmospheric 
gases,  particularly  C02,  present  in  solution.  Degassed  deionized  water  was  stored  in  glass 
bottles  with  rubber-lined  caps  under  a  nitrogen  atmosphere  until  required.  All  constituents 

were  weighed  to  four  decimal  places  using  an  analytical  balance3.    The  submicron 

hydrothermally  derived  BaTi034  was  supplied  by  Cabot  Performance  Materials 
(Boyertown,  PA).  The  submicron  powder  is  approximately  0. 1  urn  equiaxed  particles  with 
an  irregular  surface.  Bulk  analysis  of  the  BaTiQ,  powder  by  the  supplier  showed 
concentrations  of  C,  Sr,  Fe,  and  CI  ranging  from  500-1 000  ppm,  400-800  ppm,  50- 
200  ppm,  and  100-300  ppm  respectively.  Other  bulk  contaminants  included  Al,  Si,  Cr,  Ca, 
and  Ni  which  were  all  less  than  5  ppm. 


^parkleen,  Calgon  Vestal  Laboratories,  St.  Louis,  MS. 
^Deionized  water,  specific  resistivity  >10megaohms.cm. 
3Fisher  Scientific,  model  A-250,  0.0001  g  readability. 

4Cabot  Hydrothermally  Derived  BaTi03  powder,  Cabot  Performance  Materials,  Boyertown,  PA. 
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The  oxalic  acid5  and  PEI6  dosages  used  as  well  as  the  order  of  addition  are  similar 
to  previous  work  on  the  aqueous  passivation  and  dispersion  of  BaTiOv(108121)  Acidic  and 
alkaline  pH  adjustments  were  made  using  various  concentrations  of  HN037  and  TEAOH8. 
All  other  chemicals  used  throughout  this  study  are  reagent  grade  and  were  used  without 
further  purification. 

5.3.2.  Preliminary  Studies  Low  Solids  Loading 
5.3.2. 1 .  Electrophoretic  and  Sedimentation  Studies 

Suspensions  for  electrophoretic  behavior  studies  were  prepared  similarly  to  the 
recipe  reported  in  earlier  work  where  the  oxalic  acid  was  dissolved  in  deionized  water 
before  adding  an  amount  of  BaTi03  equal  to  one  volume  percent  (17o)  of  the  total 
suspension  volume.021'  However,  only  a  portion  of  the  total  water  was  used  to  dissolve 
the  oxalic  acid  and  the  remaining  water  was  used  to  dissolve  the  polymeric  binder  additive. 
PEI  was  then  added  in  the  amount  of  1  weight  percent  (lw/o)  of  the  solid  BaTi03  powder. 

Various  amounts  of  polyethylene  oxide9  (PEO)  (0,  3,  6,  9,  and  127o)  were  dissolved  in 
the  remaining  amount  of  deionized  water,  added,  mixed,  and  pH  adjusted  to  values 
between  4  and  12  using  HN03  and  TEAOH.  Electrophoretic  mobility  was  determined  by 

the  Brookhaven  Zeta  Plus10  for  comparison  to  earlier  work  completed  on  BaTi03  as  a 
function  of  solids  loading,  varying  concentrations  of  oxalic  acid  and  PEI,  and  suspension 
pH.  Sedimentation  studies  were  performed  on  samples  similar  to  the  specimens  used  for 
electrophoresis  to  determine  agglomeration/flocculation  tendencies  of  the  suspensions.  The 
various  samples  were  prepared  and  each  carefully  poured  into  separate  plastic  test  tubes 
with  a  screw  tight  caps  to  minimize  the  amount  of  trapped  air  present  at  the  top  of  the  test  a 
tube.  Sediment  height  in  the  test  tubes  with  various  concentrations  of  PEO  was  recorded  as 

5Oxalic  acid  -  Fisher  Scientific,  lot  #  905504. 

6Polyethyleneimine  (50%  in  water),  Kodak,  lot  A16B. 

7HN03  -  Fisher  Scientific,  70  weight  %  solution  in  water,  lot#  90581 1. 

8TEAOH  -  Aldrich,  35  weight  %  solution  in  water,  lot#  05498HZ. 

9Polyethylene  oxide,  Molecular  Weights  of  600,  1450,  and  8000. 
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function  of  time  for  different  suspension  pH  values  to  determine  stability  and  corroborate 
the  capricious  effects  determined  from  the  electrophoretic  study. 
5.3.2.2.  Polymer  Interactions 

Rheological  behavior  was  determined  on  the  following  solutions:  (1)  0.1M  oxalic 
acid  solution,  (2)  17o  PEI  solution,  and  (3)  107o  PEO  solution.  The  oxalic  acid  solution 
was  prepared  in  a  volumetric  flask  with  the  oxalic  acid  dihydrate  powder,  polymer 
additives,  and  deionized  water  used  to  make  the  polymer  solutions  were  weighed  out  using 
the  analytical  balance  mentioned  in  a  previous  section.  These  solutions  were  prepared  as 
reference  solutions  and  made  in  large  quantities  to  determine  possible  interactions  between 
any  two  or  possibly  all  three  solutions.   Viscosity  measurements  were  performed  on  all 

solutions  at  25°C  using  a  cone-plate  viscometer11  at  shear  rates  ranging  from  0.1  to 
300  sec1.  Both  the  shear  stress  and  the  viscosity  were  reported  as  a  function  of  shear  rate 
for  all  samples  where  the  viscosity  could  be  determined.  An  equal  quantity  of  the  0.1M 
oxalic  acid  solution  was  added  to  the  17o  PEI  solution.  The  mixture  was  divided  into  three 
aliquots,  and  pH  adjusted  to  an  acidic,  neutral,  or  an  alkaline  pH  before  determining  the 
rheological  behavior.  The  solution  pH  was  adjusted  to  determine  if  hydronium  or  hydroxyl 
concentration  affects  rheology.  Mixtures  of  107o  PEO  +  0.1M  oxalic  acid  and  107o  PEO 
+  17o  PEI  were  also  produced,  pH  adjusted  in  a  similar  manner  to  the  previous  mixtures, 
and  rheological  properties  determined.  Finally  a  mixture  of  all  three  solutions  was 
characterized  under  identical  conditions. 

Approximately  125  ml  of  a  17o  PEI  solution,  a  107o  -  600  molecular  weight  PEO 
solution,  and  a  107o  -  8000  molecular  weight  PEO  solution  were  titrated  to  determine 
possible  equivalence  points.  The  initial  pH  of  the  three  polymer  solutions  was  pH  10.85, 
pH  4.7,  and  pH  7.3,  respectively.  The  standard  solutions  used  to  titrate  each  polymer 


10Brookhaven  Instrumentation  Corporation,  ZetaPlus,  Holts ville  NY. 

1  'Brookfield  Digital  Viscometer,  model  #  LVTDCP,  Brookfield  Engineering  Laboratory,  Inc.,  Stoughton  MA. 
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solution  were  0.1M  and  0.01M  HN03,  and  0.01M  TEAOH.  The  standard  solution  was 
added  with  an  adjustable  pipette  and  the  pH  was  measured  with  a  pH  meter12. 
5.3.3.  High  Solids  Loading  Barium  Titanate  Slurries 
5.3.3. 1 .  Preparation  of  BaTiQ.,  Slurries  with  Binder  Present 

BaTi03  slurries  produced  were  based  upon  earlier  reports  with  the  desired  amount 
of  BaTiO,  and  other  additives.008,12"  The  appropriate  amount  of  each  additive  was 
calculated  in  grams  using  a  simple  computer  program.  However,  the  addition  of  water 
required  special  attention.  Equal  amounts  of  deionized  water  and  dry  binder  powder  were 
mixed  as  a  50/so  binder/deionized  water  solution  (ensuring  full  polymer  dissolution)  prior  to 
addition  to  the  oxalate/PEI-treated  BaTi03  slurry.  The  remaining  volume  of  deionized 
water  was  used  to  dissolve  the  oxalic  acid  for  passivating  the  surface  of  the  BaTi03 
particles. 

The  desired  amount  of  oxalic  acid  was  completely  dissolved  before  slowly  adding 
the  BaTi03  powder  to  the  plastic  container.  Small  volume  slurries  were  mixed  with  highly 

polished  zirconia  mixing  media13  while  large  volume  slurries  (1  liter)  were  mixed  with  a 

high  speed  emulsifier14  .  The  appropriate  amount  of  PEI  was  added  to  the  vessel  followed 
by  the  desired  amount  of  binder.  The  constituents  were  mixed  after  introducing  each 
reagent  to  the  plastic  container.  The  slurries  were  stored  in  these  Nalgene  containers  with 
lids  under  a  nitrogen  atmosphere  to  minimize  reactions  between  the  slurry  and  atmospheric 
H20  or  C02. 

5.3.3.2  Characterization  of  the  Barium  Titanate  Slurries 

Characterization  of  the  high  solids  loading  samples  is  essential  to  interpret  the 
interactions  between  the  oxalate/PEI  treatment  and  various  binders.  The  larger 
concentration  of  BaTi03  particles  increases  the  particle/particle  interaction  in  the  sample 


,zpH  Meter  -  The  London  Co.  -  PHM  64  research  pH  meter  -  Cleveland  OH. 
13Zirconia  highly  polished  mixing  media  -  5  mm. 
14Kinematic  GmbH,  type  PT  10/35,  Switzerland. 
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which  emphasizes  the  issue  of  dispersion  and  colloidal  stability  more  apparent.  Three 
small  samples  were  extracted  from  each  slurry  for  pH  measurement,  visual  inspection,  and 
particle  packing.  The  slurry  pH  was  determined  using  color-calibrated  litmus  paper15.  The 
second  sample  was  smeared  onto  a  glass  microscope  slide  using  a  razor  blade  to  create  a 
"pseudo"-tape  that  could  be  visually  examined  for  gross  defects  (agglomerates), 

topography,  and  uniformity  of  the  film.  Scanning  electron  microscopy16  (SEM)  was  used 
to  examine  the  particle  packing  within  the  pseudo  tapes  cast  on  an  aluminum  SEM  mount. 
Pseudo  tapes  were  examined  at  50  kX,  25  kX,  10  kX,  and  1  kX  where  possible. 

Viscosity  measurements  were  performed  on  all  slurries  at  25°C  using  a  cone-plate 
viscometer  at  shear  rates  ranging  from  0.1  to  150  sec-1.  Both  the  shear  stress  and  the 
viscosity  were  determined  as  a  function  of  shear  rate  for  all  samples  where  the  viscosity 
could  be  experimentally  ascertained.  If  the  viscosity  of  the  slurry  was  beyond  the  limit  of 
the  instrument  or  did  not  achieve  a  plateau  over  the  range  of  shear  rates  investigated,  the 
suspension  "apparent"  viscosity  was  reported  as  NA  and,  in  any  case,  would  not  be 
suitable  for  thin  tape  production.  The  apparent  viscosity  and  the  Bingham  yield  point  were 
determined  by  a  similar  method  used  in  previous  work.(l21) 

5.4.  Results  and  Discussion 
5.4. 1 .  Preliminary  Studies  at  Low  Solids  Loading 
5.4. 1 . 1 .  Electrophoretic  and  Sedimentation  Studies 

Electrophoretic  studies  were  performed  to  evaluate  the  addition  of  PEO  as  a  binder 
for  the  passivated-dispersed  BaTi03  system  in  water.  Figure  5.2  shows  the  electrophoretic 
behavior  of  17oBaTi03  suspensions  with  57o  oxalic  acid  and  lw/oPEI  as  a  function  of 
PEO  concentration.  Electrophoretic  analysis  shows  only  minor  changes  in  the  magnitude 
of  the  potential  as  a  function  of  PEO  concentration  and  no  general  increases  or  decreases  in 
the  surface  charge  with  increasing  PEO  concentrations.  The  17oBaTi03  solution  with 

15pHydrion  paper,  Micro  Essential  Laboratory,  Brooklyn,  NY. 
16JEOL  6400  scanning  electron  microscope,  JEOL,  Boston,  MA. 
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Figure  5.2.  Electrophoretic  behavior  (zeta  potential  vs.  pH)  of  17o  BaTi03,  57o  oxalic 
acid,  and  17o  PEI  suspension  as  a  function  of  PEO  concentration.  All  additives  are 
incorporated  as  a  weight  percent  of  BaTiCX,. 
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57o  oxalic  acid  and  17oPEI  (07oPEO)  exhibits  a  positive  charge  below  the  isoelectric 
point  (pH  -10)  and  slightly  negative  above  the  IEP.  The  magnitude  of  the  potential  is 
-15  mV  at  pH  4  and  decreases  to  ~4mV  just  below  pH  10  before  exhibiting  a  negative 
4mV  surface  charge  at  pH  11.7.  The  influence  of  the  PEO  on  the  surface  charge 
associated  with  the  oxalate/PEI-treated  BaTi03  seems  to  be  negligible  at  these  solids 
loading  and  additive  concentrations.  The  electrophoretic  behavior  of  the  17oBaTi03  with 
57o  oxalic  acid,  27oPEI  as  a  function  of  PEO  was  similar  to  the  results  for  the 
electrophoretic  behavior  of  the  17oBaTi03  with  57o  oxalic  acid,  17oPEI  as  a  function  of 
PEO  presented  in  Figure  5.2. 

Sedimentation  studies  performed  in  conjunction  with  the  electrophoretic  analysis 
show  PEO  adversely  affects  the  suspension  stability  of  the  passivated/dispersed  BaTi03 
suspensions.  Figure  5.3  (a)  and  5.3  (b)  compare  the  sedimentation  results  for  suspensions 
that  contain  17oBaTi03  with  57o  oxalic  acid,  17oPEI  and  either  07oPEO  or  127oPEO, 
respectively.  Figure  5.4  (a)  and  5.4  (b)  compare  the  sedimentation  behavior  for  similar 
suspensions  containing  27oPEI  as  opposed  to  17oPEI.  The  overall  stability  of  the 
suspensions  is  decreased  when  127oPEO  binder  is  present.  However  the  instability  is 
only  noted  after  24  hours  when  the  particles  settled  to  the  base  of  the  test  tube.  Up  to  and 
including  the  one  hour  measurement,  the  various  suspensions  without  and  with  PEO 
present  were  visually  similar.  For  suspensions  prepared  at  pH  values  above  the 
dissociation  of  the  PEI,  the  stability  decreases  dramatically  independent  of  the  PEO 
concentration.(I21)  Therefore,  the  addition  of  PEO,  a  neutral  polymer,  adversely  affects 
the  colloidal  stability  of  the  oxalate/PEI-treated  BaTi03  suspensions. 
5.4. 1 .2.  Polymer  Interactions 

Interaction  between  the  various  additives  without  BaTi03  present  was  investigated 
using  viscosity  measurements.  The  rheological  behavior  for  the  three  solutions 
(0.1M oxalic  acid,  17oPEI  and  107oPEO)  is  near  Newtonian  and  is  shown  in  Figure  5.5 
The  viscosity  of  the  107oPEO  solution  was  ~5cP  and  the  viscosity  of  the  other  two 


Suspension  pH 


Figure  5.3.  Sedimentation  results  for  17o  BaTi03,  57o  oxalic  acid,  17o  PEI,  and 
(a.)  07o  PEO  or  (b.)  127o  PEO  where  all  additives  are  incorporated  as  a  weight  percent 
of  BaTiO,. 
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Figure  5.4.  Sedimentation  results  for  lv/o  BaTi03,  57o  oxalic  acid,  27o  PEI,  and 
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Figure  5.5.  Rheological  behavior  (shear  stress  and  viscosity  vs.  shear  rate)  for  the 
following  three  solutions,  10w/o  PEO  solution,  17o  PEI  solution,  and  0.1M  oxalic  acid. 
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solutions  was  nearly  1  cP.  Figure  5.6  depicts  the  rheological  properties  for  the  three  pH 
adjusted  (acidic,  neutral,  and  alkaline)  solutions  that  contain  equal  amounts  of  0.1  M  oxalic 
acid  and  17o  PEI  solution.  All  three  pH  adjusted  solutions  to  be  Newtonian  with  an 
approximate  viscosity  of  1  cP,  similar  to  each  single  component  solution.  However,  the 
new  total  concentration  for  the  mixture  of  the  two  suspensions  is  0.05M  oxalic  acid  and 
0.5w/o  PEI  solution.  At  these  low  concentrations,  no  interaction  between  these  two 
constituents  could  be  confirmed.  Figure  5.7  shows  the  rheological  properties  for  the 
0.05M  oxalic  acid/57o  PEO  solution  as  a  function  of  pH.  The  approximate  viscosity  for 
the  combination  of  0.1M  oxalic  acid  and  107o  PEI  solution  is  -2.25  cP.  This  change  in 
viscosity  from  the  three  single  component  solutions  does  not  refute  or  confirm  any 
interaction  between  oxalic  acid  and  PEO.  Similar  conclusions  can  be  ascertained  for  the 
PEO/PEI  (57o  and  0.57o  respectively)  mixture  shown  in  Figure  5.8. 

The  rheological  behavior  for  the  combination  of  the  three  solutions  as  a  function  of 
pH  is  presented  in  Figure  5.9.  The  viscosity  of  the  three  component  solution  (0.3M  oxalic 
acid,  0.37o  PEI,  and  3.37o  PEO  concentrations  respectively)  was  2.0  to  2.5  cP  and  the 
rheological  behavior  is  similar  to  both  two  component  solutions.  The  pH  of  the  mixture 
has  relatively  no  effect  on  the  rheological  behavior.  Interaction  between  these  low 
concentrations  of  the  passivating  agent,  dispersant,  and  binder  as  a  function  of  pH  (without 
BaTi03  present)  is  undetermined  at  this  time. 
5.4. 1 .3.  Titration  Curves 

Figures  5.10,  5.1 1,  and  5.12  depict  the  titration  curves  for  approximately  125  ml  of 
a  l.OVo  PEI  solution,  a  107o  PEO  (600  MW)  solution,  and  a  107o  PEO  (8000  MW) 
solution,  respectively.  Initial  additions  of  0.1M  HN03  to  the  l.OVo  PEI  solution  produce  a 
titration  curve  similar  to  a  strong  acid-strong  base  titration.  However,  as  the  pH  becomes 
more  acidic  the  titration  of  the  polymer  solution  behaves  more  similarly  to  the  titration  of  a 
weak  base  with  a  strong  acid  where  the  pH  of  the  solution  slowly  decreases  with 
subsequent  additions  of  the  acid.(107)  The  final  pH  was  3.35  after  the  addition  85  ml  of 
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Figure  5.6.  Rheological  behavior  for  a  mixture  of  equal  amounts  of  17o  PEI  solution  and 
0.1M  oxalic  acid  at  three  different  pH  conditions  (acidic,  neutral,  and  alkaline). 
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Figure  5.7.  Rheological  behavior  for  a  mixture  of  equal  amounts  of  107o  PEO  solution 
and  0. 1M  oxalic  acid  at  three  different  pH  conditions  (acidic,  neutral,  and  alkaline). 
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Figure  5.8.  Rheological  behavior  for  a  mixture  of  equal  amounts  of  107o  PEO  solution 
and  17o  PEI  solution  at  three  different  pH  conditions  (acidic,  neutral,  and  alkaline). 
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Figure  5.9.  Rheological  behavior  for  a  mixture  of  equal  amounts  of  107o  PEO  solution, 
0.1M  oxalic  acid,  and  lw/o  PEI  solution  at  three  different  pH  conditions  (acidic,  neutral, 
and  alkaline). 
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Figure  5.10.  Titration  curve  for  17o  PEI  solution  where  0.1M  HN03  was  used  as  the 
titrant. 
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Figure  5.11.  Titration  curve  for  107o  600L  PEO  solution  where  0.0 1M  HN03 
0.0 1M  TEAOH  were  used  as  the  titrants. 


Figure  5.12.  Titration  curve  for  lOVo  8000  PEO  solution  where  0.01M  HNO 
0.0 1M  TEAOH  were  used  as  the  titrants. 
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acid.  In  agreement  with  the  literature,  PEI  exhibits  a  highly  positive  charge  in  aqueous 
conditions  below  pH  10.(116)  The  titration  curve  for  the  107o  600 MW  PEO  solution  is 
similar  to  the  titration  curve  produced  when  a  strong  base  is  added  to  a  strong  acid.  The 
equivalence  point  (that  is,  the  point  where  stoichiometric  equivalent  quantities  of  acid  and 
base  are  present)  for  the  107o  600  MW  PEO  solution  occurs  at  ~pH  7,  whereas  the 
8000  MW  PEO  solution  shows  a  gradual  in  change  in  the  solution  pH  with  additions  of 
either  acid  or  base  and  no  apparent  equivalence  point.(107) 
5.4.2.  High  solids  loading  BaTiO-,  Slurries 

Several  slurry  formulations  were  prepared  with  various  binders  of  different 
concentrations,  with  different  molecular  weights,  and  with  different  combinations  of  two 
binders  to  determine  the  most  effective  binder  for  the  aqueous  oxalate/PEI-treated  BaTi03 
suspensions.  The  analysis  of  various  binders  at  high  solids  loading  is  limited  by  the 
polymer  being  water  soluble  and  completely  dissolved  in  a  small  amount  of  water  equal  to 
the  volume  of  polymer  added.  This  is  due  to  the  part  of  the  total  water  added  is  needed  to 
dissolve  the  oxalic  acid  and  some  of  the  total  water  is  added  with  the  dispersant,  PEI. 
These  two  restrictions  limit  the  choice  of  polymers  available,  as  well  as  make  it  difficult  to 
achieve  BaTi03  solids  contents  greater  than  65  weight  percent.  However,  657o  BaTi03  is 
more  concentrated  than  most  conventional  tapes  casting  formulations  used  in  the  MLC 
industry  which  is  believed  to  currently  be  ~587o  BaTi03  solids.  SEM  analysis  shown  in 
Figure  5.13,  illustrates  the  poor  particle  packing  within  the  green  tape  when  a  conventional 
MLC  formulation  is  employed.  No  conventional  pre-tape  casting  slurry  modification 
(filtering  or  degassing)  was  performed  on  this  slurry  or  any  of  the  following  described 
formulations. 

Table  1  details  the  slurry  formulation  (designation,  weight  percent  BaTi03  present, 
and  binder  composition  and  concentration)  as  well  as  the  rheological  properties.  The 
number  (600,1450,  and  8000)  and  letter  (L=liquid,  F=flake,  and  P=powder)  before  PEO 
correspond  to  the  molecular  weight  and  as-received  form  of  the  PEO,  respectively.  The 
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Figure  5.13.  Scanning  electron  micrographs  of  a  smeared  sample  from  an  aqueous  BaTi03 
(Cabot  hydrothermally  derived  powder)  slurry  prepared  with  a  conventional  tape  casting 
formulation  (57.5w/o  BaTi03  and  127o  binder)  at  four  different  magnifications  (50  kX, 
25  kX,  lOkX,  and  1  kX). 


165 


z  z 
HO 

*z 

WW 
JCfl 


■^■■^■•^■^■iniovovor- 


o    o         "j    o    o    o    o  o 


3  3  3 
60    60  60 


3     3     3     3  3 

60    60    60    60  60 


60    60    60    60  60 

E  E  E  E  E  E  E  E  E 


W  g 

S3 

sen 

oz 

sa 


00  Tt 

cn  cn 


<  < 
Z  2 


$  It 


< 
Z 


<  < 

z  z 


<N        2        2  <N 


CU 

Hi 
Z^ 

OcO 

a-  tj 


zSSzzSzzzzz^ 


§  5  8 


U 

OCjOOJOOOr-O 

333333333 

o  o  o  o  o  >  o 
Z  Z  Z  Z  Z    5  Z 


a 

o  3 

o  o 

Z 

a 


c 

■c 

D 
o 

5 


0 

Q 
_>n 

o 


X  X 


c 

o 


•c  -c 

a  b 

•S  -5 

U  U 

o  u 

>N  >, 

5  a 


z 

2  o 

si  § 

«a 

o 

to 


.s 


i 


0 

0 

O 

O 

O 

w 

W 

w 

tu 

UJ 

a. 

(X 

cu 

Cu 

UU 

(X 

tu 

(X 

0 

0 

O 

in 

O 

O 

00 

00 

00 

55 

c 

0 

0 

3 

S 

3 

* 

cn 

to 

NO 

no 

s2  °°  00 
m!  H  o\  on 


0 

O 

w 

w 

Cm 

0. 

PU 

Cu 

8 

8 

0 

0 

00 

» 

(N 

00 

00 

in 

iri 

NO 

NC 

Uh 

a, 

0 

8 

0 

00 

00 

1 

a 

a 

On 

*<3  T3 


a, 
> 
cu 


CU 

> 

Cu 


CU 

> 

Cu 


o 
o 


in 
0 


o  5 


pu  jr> 

8  >8 


7  Q 


SI 

o 
o 

o 


>8 

Cu  0 

Si 

o 
o 


>n  o 

NO  NO 


o 

NO 


>8 
~I 

o 
o 


m 

NO 


U  "9 


M  fu  w 
O    >  O 

a.  o 

„  o 

£  I? 

ft- 

-2  O 

^  <= 

©  O 


m  in 

NO  NO 


Cu  £ 

>  5 
ft-  K 


166 


apparent  viscosity  for  all  slurries  prepared  with  PEO  present  were  higher  than  -400  cP. 
Whereas  typical  industrial  slurry  formulations  exhibit  working  viscosities  less  than  150cP. 
The  variation  in  the  apparent  viscosity  and  the  Bingham  yield  point  for  the  slurries  with 
PEO  incorporated  as  the  binder  arises  from  differences  in  the  molecular  weight  of  the  PEO 
and  the  as-received  form  of  the  binder.  The  particle  packing  within  the  pseudo  tapes 
prepared  from  slurries  9E-8000P,  9F-8000P,  and  9G-8000P  is  shown  in  Figures  5.14, 
5.15,  and  5.16,  respectively.  Increasing  the  PEO  binder  concentration  above  67o  of  the 
BaTi03  powder  decreases  the  particle  density.  Particle  packing  displayed  from  slurries 
prepared  with  600L,  1450F,  and  8000F  resembled  the  scanning  electron  micrographs 
shown  in  Figures  5.14,  5.15,  and  5.16  for  an  equal  corresponding  binder  concentration. 
Although  the  particle  density  shown  by  the  slurries  with  PEO  present  as  a  binder  were 
greater  than  the  conventional  tape  casting  formulation  (Figure  5.13),  the  viscosity  and 
Bingham  yield  point  were  much  higher.  However,  the  slurries  with  PEO  present  were 
prepared  with  657o  to  707o  BaTi03  in  comparison  to  conventional  formulations  with  only 
~587o  BaTi03. 

The  addition  of  127o  of  a  conventional  binder,  PVP  (40,000  molecular  weight),  or 
PEI  (an  additional  127o  PEI  added  as  a  binder  to  the  already  existing  17o  PEI  added  as  a 
dispersant)  were  all  over  the  range  of  the  viscometer.  Figure  5.17  shows  the  particle 
packing  exhibited  slurry  9G-PVP.  The  addition  of  Darvan  C  (3-1-12-0.5)  showed  no 
improvement  in  the  slurry's  rheological  properties  or  particle  packing.  However, 
slurry  D-l,  where  127o  PVP  (1 0,000  MW)  is  incorporated  as  the  binder,  exhibited  an 
apparent  viscosity  of  47  cP  and  a  Bingham  yield  point  of  1  dyne/cm2  for  the  62.57o  BaTi03 
slurry.  Increase  in  the  BaTi03  solids  content  to  657o  and  the  addition  of  glycerin  (added  as 
P/o  of  the  BaTi03)  as  a  wetting  agent,  caused  the  apparent  viscosity  and  the  Bingham  yield 
point  to  increase  to  130cP  and  2.5  dyne/cm2,  respectively  (formulation  J-l).  The  50  urn 
thick  hand  cast  tape  made  with  slurry  J-l  was  relatively  agglomerate  free  even  though  no 
pre-cast  filtering  of  the  large  agglomerates  was  performed  or  negative  pressure  applied  to 
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Figure  5.14.  Scanning  electron  micrographs  of  a  smeared  sample  from  slurry  9E-8000P 
(707o  BaTi03,  3.07o  oxalic  acid,  1.07o  PEI,  and  3.07o  PEO-powder  form)  at  four 
different  magnifications  (50  kX,  25  kX,  lOkX,  and  1  kX).  Oxalic  acid,  PEI,  and  PEO  are 
added  as  a  weight  percent  of  the  BaTi03. 
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Figure  5.15.  Scanning  electron  micrographs  of  a  smeared  sample  from  slurry  9F-8000P 
(687o  BaTi03,  3.0w/o  oxalic  acid,  1.0w/o  PEI,  and  6.0w/o  PEO-powder  form)  at  four 
different  magnifications  (50  kX,  25  kX,  10  kX,  and  1  kX).  Oxalic  acid,  PEI,  and  PEO  are 
added  as  a  weight  percent  of  the  BaTi03. 
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Figure  5.16.  Scanning  electron  micrographs  of  a  smeared  sample  from  slurry  9G-8000P 
(66w/o  BaTiO,,  3.07o  oxalic  acid,  1.0w/o  PEI,  and  12.07o  PEO-powder  form)  at  four 
different  magnifications  (50  kX,  25  kX,  10  kX,  and  1  kX).  Oxalic  acid,  PEI,  and  PEO  are 
added  as  a  weight  percent  of  the  BaTiOa. 
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Figure  5.17.  Scanning  electron  micrographs  of  a  smeared  sample  from  slurry  9G-PVP 
(607o  BaTi03,  3.07o  oxalic  acid,  1.07o  PEI,  and  12.07o  PVP)  at  four  different 
magnifications  (50  kX,  25  kX,  lOkX,  and  1  kX).  Oxalic  acid,  PEI,  and  PVP  (40k  MW) 
are  added  as  a  weight  percent  of  the  BaTiOv 
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remove  air  within  the  slurry.  After  drying,  the  tape  prepared  with  127o  PVP  (10,000  MW) 
remained  tacky. 

In  an  effort  to  reduce  the  tackiness  produced  in  the  hand  cast  tape  from  slurry  J-l ,  a 
50/50  combination  of  1 0,000  MW  and  40,000  MW  PVP  was  investigated  to  determine  the 
possibility  of  using  a  combination  of  two  binders  totaling  127o  of  BaTiO,  (67o  each).  The 
concept  is  to  increase  the  Tg  of  the  binder  by  adding  a  larger  MW  PVP  and  thus,  reduce  the 
tackiness  of  the  cast  tape.  Figure  5.18  shows  the  scanning  electron  micrographs  of  the 
particle  packing  for  slurry  I-6A  with  the  following  formulation,  657o  BaTi03,  3.07o  oxalic 
acid,  1.07o  PEI,  10.07o  PVP,  and  1.07o  glycerin.  The  apparent  viscosity  and  Bingham 
yield  point  of  this  slurry  were  -900  cP  and  13  dynes/cm2.  The  viscosity  of  slurry  I-6A  is 
larger  than  conventional  slurry  formulations.  However,  Slurry  I-6A  was  prepared  as  a 
1  liter  slurry  and  no  previously  used  mixing  technique  adequately  homogenize  the  slurry. 
Therefore,  a  similar  slurry  was  prepared  with  only  107o  binder  and  shipped  to  Cabot 
Performance  Materials,  PA,  mixed  with  a  high  speed  emulsifier,  and  sent  back  to  the 
University  of  Florida  for  characterization.  The  apparent  viscosity  and  Bingham  yield  point 
of  this  slurry  were  -220  cP  and  2  dynes/cm2.  Adequate  mixing  with  a  high  speed 
emulsifier  and  reducing  the  binder  concentration  from  127o  to  107o  reduced  the  apparent 
viscosity  -700  cP  and  the  Bingham  yield  point  -10  dynes/cm2.  Three  scanning  electron 
micrographs  of  the  particle  packing  within  the  pseudo  tape  cast  from  the  Cabot  mixed 
slurry  are  presented  in  Figure  5.19.  The  50  kX  magnification  could  not  be  imaged  due  to 
charging  at  the  sample  surface.  The  improvement  in  the  particle  packing  is  easily  noted  in 
the  1  kX  photomicrograph  via  the  reduction  in  the  size  of  the  agglomerates  and  in  the  higher 
magnifications  through  increased  particle  densities. 

5.5.  Conclusions 

Several  low  solids  loading  and  high  solids  loading  experiments  were  conducted  to 
determine  compatible  binder  systems  with  the  oxalate/PEI-treated  BaTi03  suspensions 
which  meet  tape  casting  formulation  rheological  requirements.  Electrophoretic  behavior 
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Figure  5.18.  Scanning  electron  micrographs  of  a  smeared  sample  from  slurry  1-6,  A  (657o 
BaTi03,  3.07o  oxalic  acid,  1.07o  PEI,  10.07o  PVP,  and  1.07o  glycerin)  at  four  different 
magnifications  (50 kX,  25  kX,  10  kX,  and  1  kX).  Oxalic  acid,  PEI,  PVP  (5%o  mixture  of 
10k  and  40k  MW),  and  glycerin  are  added  as  a  weight  percent  of  the  BaTi03. 
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Figure  5.19.  Scanning  electron  micrographs  of  a  smeared  sample  from  slurry  3-1-10  PVP 
(65w/o  BaTi03,  3.07o  oxalic  acid,  1.07o  PEI,  10.07o  PVP,  and  1.07o  glycerin)  at  three 
different  magnifications  (25  kX,  lOkX,  and  1  kX).  Oxalic  acid,  PEI,  and  PVP  (5O/50 
mixture  of  10k  and  49k  MW)  are  added  as  a  weight  percent  of  the  BaTi03.  This  is  the 
sample  sent  to  Cabot  Performance  Materials  for  emulsification. 
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(zeta  potential  vs.  pH)  studies  at  low  solids  loading  shows  that  PEO  does  not  affect  the 
polarity  or  magnitude  of  the  surface  potential  associated  with  the  oxalate/PEI-treated 
BaTi03  particles.  However,  corresponding  sedimentation  studies  illustrate  PEO  adversely 
affect  the  colloidal  stability  by  decreasing  the  sedimentation  time  from  longer  than  one  week 
to  -24  hours.  Pdieological  characterization  of  various  combinations  of  the  three  additives 
(PEO,  PEI,  and  oxalic  acid)  as  a  function  of  solution  pH  does  not  confirm  or  refute 
interactions  between  any  two  or  all  three  additives. 

Slurries  that  incorporate  PEI  as  the  binder  and  PVP  (only  40,000  MW)  were 
prepared  at  60w/o  BaTi03  and  rheological  properties  could  not  be  determined.  Therefore, 
these  two  specific  additives  are  rejected  as  compatible  binders  for  the  oxalate/PEI-treated 
BaTi03  suspensions.  The  addition  of  PEO  as  a  binder  system  for  the  oxalate/PEI-treated 
BaTi03  suspensions  needs  further  analysis  at  lower  BaTi03  concentrations  (~65w/o)  and 
decreased  binder  concentrations  to  either  eliminate  or  accept  it  as  a  possible  binder.  The 
addition  of  a  50/50  blend  of  PVP  (1 0,000  MW  and  40,000  MW)  proved  to  be  the  most 
compatible  binder  system  from  the  various  binders  analyzed  in  the  current  work.  The  50/so 
blend  of  PVP  as  a  binder  allowed  657o  BaTi03  solids  loading  with  permissible  tape  casting 
rheological  properties  and  far  better  particle  densities  over  conventional  tape  casting 
formulations. 


CHAPTER  6. 
CONCLUSIONS  AND  FUTURE  WORK 


6.1.  Conclusions 

The  chemical  aspects  of  MLC  aqueous  processing  are  neither  trivial  nor  fully 
understood  by  the  MLC  manufacturers.  Industry  has  relatively  ignored  the  solution 
chemical  reactions  which  transpire  at  the  particle/solution  interface  during  MLC  production. 
Unfortunately,  aqueous-based  processing  of  BaTi03  is  difficult  due  to  the  incongruent 
dissolution  of  the  particle  surface  which  supplies  large  concentrations  of  Ba2+(aq).  The 
aqueous  processing  of  BaTi03  alters  the  stoichiometry  at  the  particle  surface,  compromises 
the  effectiveness  of  the  polymeric  additives,  and  effects  the  sintering  of  the  ceramic  layers 
which  subsequently  compromises  the  dielectric  properties  of  the  MLC.  The  importance  of 
addressing  these  deleterious  effects  is  significantly  increased  when  a  finer  particle  size 
needed  to  produce  thinner  ceramic  layers  in  the  MLC  is  used. 

The  current  work  confirms  one  of  the  major  problems  associated  with  the  aqueous 
processing  of  BaTi03  and  offers  a  potential  solution,  via  the  use  of  an  organic  molecule  to 
passivate  the  surface.  The  electrophoretic  behavior  of  aqueous  BaTi03  suspensions  is 
dependent  not  only  upon  batch  to  batch  variations,  but  also  upon  solids  loading.  ICP 
results  confirm  the  theoretical  instability  of  BaTi03,  with  high  resolution  HRTEM 
corroborating  that  it  is  a  surface  mediated  phenomena.  In  contrast  to  BaTi03, 
electrophoretic  measurements  for  BOM  demonstrate  a  relatively  constant,  positive  zeta 
potential  for  a  pH  range  from  pH  4  to  pH  10.  Suspensions  of  BaTi03  with  various 
concentrations  of  oxalic  acid  (10"2M,  10"3M,  and  10"4  M)  exhibit  a  relatively  constant, 
negative  zeta  potentials  over  the  same  pH  range,  with  the  magnitude  of  the  charge 
dependent  upon  the  oxalate  ion  concentration.  Zeta  potential  analysis  via  a  light  scattering 
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technique  showed  the  Ba-oxalate  complex  is  located  at  the  particle  surface  by  the 
monomodal  output.  Increasing  the  oxalic  acid  concentration  present  increases  the 
magnitude  of  the  charge  associated  with  the  surface  of  the  BaTi03  particles.  Oxalate 
additions  also  minimize  the  Ba2+  ion  concentration  in  solution  by  precipitation  of  the 
relatively  insoluble  barium  oxalate  salt  as  a  diffusion  barrier  to  Ba2+  dissolution  on  the 
surface  of  the  BaTi03  particles.  The  BaC204  precipitate  is  the  product  of  the  leached  Ba2+ 
ions  from  the  BaTi03  particle  surface  and  the  fully  dissociated  C2024~  ions  present  in 
solution.  Calculation  of  the  thickness  of  this  barrier  layer  was  determined  to  be  1.6  nm, 
which  is  reasonably  consistent  with  the  surface  layer  experimentally  observed  in  the 
HRTEM  micrographs  of  the  oxalate-treated  powder. 

The  addition  of  BaTi03  powder  to  oxalic  acid  solution  controls  the  particle  surface 
charge  and  minimizes  the  free  Ba2+  ions  present  in  solution  over  a  wide  pH  range, 
alleviating  the  problems  associated  with  small  fluctuations  in  pH  during  processing.  The 
passivation  of  the  BaTi03  particle  surface  via  oxalic  acid  was  convincingly  demonstrated  by 
the  experimental  results  discussed  throughout  the  current  work.  However,  the  moderate 
charge  imparted  by  the  oxalate  treatment  does  not  provide  suspension  stability. 

Dispersion  of  the  oxalate-treated  BaTi03  particles  is  achieved  by  the  introduction  of 
polyethylene  imine.  The  positively  charged  polyelectrolyte,  polyethylene  imine,  readily 
adsorbs  onto  the  negatively  charge  oxalate-treated  particle  surface  and  improves  the 
dispersion  by  a  combination  of  electrostatic  and  steric  effects.  The  electrophoretic  behavior 
of  the  aqueous  oxalate-treated  BaTi03  suspensions  with  various  concentrations  of  PEI 
demonstrates  that  the  PEI  concentration  is  critical  for  a  positive  surface  charge  and  colloidal 
stability.  Low  concentrations  of  PEI  (0.57o)  do  not  provide  relatively  constant  positive 
charge  over  the  entire  pH  range  (pH  4  to  approximately  pH  10).  In  fact,  at  low  pH  the 
surface  charge  is  negative  and  becomes  positive  as  the  solution  becomes  more  alkaline. 
Whereas,  when  either  17o  or  27o  PEI  is  added  to  the  oxalate-treated  BaTi03  suspension,  a 
positive  surface  charge  is  produced  from  suspension  pH  4  to  approximately  pH  10  with  the 
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magnitude  of  the  charge  decreasing  as  the  pH  becomes  more  alkaline.  At  approximately 
pH  10,  PEI  is  no  longer  positively  charged  and  does  not  improve  the  colloidal  stability.  In 
dispersing  the  oxalate-treated  BaTi03  particles,  it  is  critical  to  provide  sufficient  PEI  for 
uniform  coverage  and  to  maintain  the  suspension  below  pH  10,  where  PEI  is  positively 
charged.  Sedimentation  results  corroborate  these  findings.  Several  passivation:  dispersion 
dosages  are  presented  as  possible  slurry  formulations;  however  slurry  9B  (3.0w/o  oxalic 
acid,  1.0w/o  PEI)  provides  the  most  favorable  rheological  properties  and  microstructure 
(particle  packing)  of  the  green  "pseudo"  tape. 

It  has  been  demonstrated  that  PEI  is  an  effective  dispersant  for  the  oxalate-treated 
BaTi03  particles.  The  results  presented  in  this  chapter  strongly  suggest  that  steric 
hindrance,  in  combination  with  electrostatic  forces,  is  responsible  for  the  colloidal  stability 
of  the  oxalic  acid/PEI/BaTiOj  suspension.  However  further  work  is  required  to  confirm 
the  dispersion  mechanism. 

The  addition  of  a  50/50  blend  of  PVP  (1 0,000  MW  and  40,000  MW)  proved  to  be 
the  most  compatible  binder  system  from  the  various  binders  analyzed  in  the  current  work. 
Several  low  solids  loading  and  high  solids  loading  experiments  were  conducted  to 
determine  compatible  binder  systems  with  the  oxalate/PEI-treated  BaTi03  suspensions 
which  meet  tape  casting  formulation  rheological  requirements.  Electrophoretic  behavior 
(zeta  potential  vs.  pH)  studies  at  low  solids  loading  shows  that  PEO  does  not  seemingly 
affect  the  polarity  or  magnitude  of  the  surface  potential  associated  with  the  oxalate/PEI- 
treated  BaTiO,  particles.  However,  corresponding  sedimentation  studies  illustrate  PEO 
adversely  affect  the  colloidal  stability  by  decreasing  the  sedimentation  time  from  longer  than 
one  week  to  -24  hours.  Rheological  characterization  of  various  combinations  of  the  three 
additives  (PEO,  PEI,  and  oxalic  acid)  as  a  function  of  solution  pH  does  not  confirm  or 
refute  interactions  between  any  two  or  all  three  additives. 

Slurries  that  incorporate  PEI  as  the  binder  and  PVP  (only  40,000  MW)  were 
prepared  at  60w/o  BaTi03  and  rheological  properties  could  not  be  determined.  Therefore, 
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these  two  specific  additives  are  rejected  as  compatible  binders  for  the  oxalate/PEI-treated 
BaTi03  suspensions.  The  addition  of  PEO  as  a  binder  system  for  the  oxalate/PEI-treated 
BaTi03  suspensions  needs  further  analysis  at  lower  BaTi03  concentrations  (~65w/o)  and 
decreased  binder  concentrations  to  either  eliminate  or  accept  it  as  a  possible  binder.  The 
50/50  blend  of  PVP  as  a  binder  allowed  657o  BaTi03  solids  loading  with  permissible  tape 
casting  rheological  properties  and  far  better  particle  densities  over  conventional  tape  casting 
formulations. 

6.2.     Future  Work 

The  current  research  strongly  demonstrates  the  developed  passivation/dispersion 
scheme  for  aqueous  BaTi03  suspensions  minimizes  the  amount  of  dissolved  Ba2+(aq)  from 
the  BaTi03  particle  surface,  establishes  colloidal  stability,  and  provides  uniform  particle 
packing  in  the  pseudo-tapes  even  at  high  solids  loading.  In  addition,  binder  systems 
compatible  with  the  passivation  and  dispersion  scheme  have  been  produced.  However, 
there  are  several  aspects  related  to  this  research  that  should  be  examined.  First  of  all,  the 
composition  of  the  passivation  layer  needs  to  be  confirmed.  Theoretical  modeling  of  the 
surface,  based  on  experimental  solution  conditions,  should  be  performed  to  provide  insight 
to  the  surface  charging  mechanisms  for  aqueous  BaTi03  suspensions.  After  successful 
reproduction  of  the  experimental  results  for  aqueous  BaTi03  suspensions,  the  oxalate 
additions,  as  well  as  PEI  additions  should  be  modeled  to  understand  the  charging 
mechanism  of  the  passivation  layer  and  determine  the  thickness  of  the  adsorbed  polymer 
layer  via  electroacoustic  analysis.  Also  modeling  the  oxalate/PEI-treated  BaTi03  particle  in 
water  may  allow  further  optimization  of  the  passivation/dispersion  dosages. 

Another  unresolved  issue  concerning  this  research  involves  the  effect  oxalic  acid 
additions  have  on  the  presence  of  BaC03  contamination  on  the  BaTi03  particle  surface. 
When  BaTi03  is  added  to  oxalic  acid  solution,  a  rigorous  reaction  takes  place  giving  off  a 
gaseous  product.  The  chemical  composition  of  the  gaseous  product  is  unknown  at  this 
time.  However,  it  has  been  speculated  to  be  some  form  of  carbon  gas.  This  issued  should 
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be  addressed  before  transferring  the  technology  to  an  industrial  site  because  the  small 
oxalate-treated  BaTi03  samples  prepared  at  a  university  research  facility  may  not  produce 
the  dangerously  large  quantities  of  the  gaseous  product  that  would  be  noted  at  an  industrial 
MLC  plant. 

The  current  research  deals  with  the  passivation  of  only  pristine  BaTi03.  However, 
in  the  MLC  industry  more  complex  powder  formulation  (i.e.,  dopants,  solid  solutions,  and 
fluxes)  are  used  to  control  grain  size  and  dielectric  properties.  Therefore,  it  is  necessary  to 
determine  if  the  current  research  concepts  can  be  applied  to  the  various  formulated 
powders. 

If  the  passivation/dispersion  scheme  presented  is  to  be  incorporated  into  the 
industrial  manufacturing  of  MLCs,  then  a  firing  schedule  needs  to  be  determined  that 
removes  each  additive  completely  and  leaves  no  residuals.  The  oxalate  ion  is  proposed  to 
decompose  as  CO,  C02,  and  H20  or  from  BaC03  prior  to  evolution  as  gaseous  carbon 
products.  The  removal  of  PEI  also  needs  to  be  investigated.  In  addition,  the  effects  of  the 
oxalate  passivation  layer  and  PEI  on  the  sintered  BaTi03  microstructure  and  dielectric 
properties,  if  any,  need  to  be  determined. 

Additional  issues  that  warrant  analysis  are  the  stability  of  BOM  in  air  (i.e.,  when 
the  cast  tape  dries)  with  respect  to  the  prevention  of  carbonate  formation.  The  effect 
passivation/dispersion  additives  have  on  the  metal  electrode  (e.g.,  wetting,  gas  formation 
and  removal,.)  is  also  unknown.  From  a  powder  synthesis  and  supplier's  view,  it  would 
be  beneficial  to  determine  shelf-life  of  oxalate/PEI-treated  BaTi03  suspensions  and  whether 
the  chemically  passivated  and  polymerically  dispersed  particles  spontaneously  redisperse  in 
water  after  completely  drying  .  This  would  allow  the  synthesized  BaTi03  powder  to  be 
treated  with  the  passivation  and  dispersion  agents  and  shipped  to  the  MLC  industry  as  a  dry 
agglomerate-free  powder  that  would  be  easily  dispersed.  Therefore  the  cost  of  shipping 
the  dry  modified  powder  versus  a  water  based  formulation  would  decrease  dramatically. 
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